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General background and aims 
 
 
Stone artifacts constitute a wide and rich portion of the world cultural heritage, 
as the use of stone materials for arts and constructions dates back since ancient 
times. Furthermore, the variety of materials and features gives place to a manifold 
panorama, that includes both natural masonry and artificial objects, made of 
materials like mud, clay, sand, gravel, and cement. Natural aging and a series of 
environmental and anthropogenic factors, to which outdoor monuments and 
buildings are continuously exposed, contribute to the heterogeneous forms of 
degradation affecting the stone patrimony. On the long term, such physical and 
chemical alterations result in the progressive weakening of the mechanical 
properties of the substrate, that manifest as detachments, powdering of the 
surfaces and even crumbling. Of course, the importance of preserving such 
patrimony for future generations is undeniable. Therefore, a thorough knowledge 
and an aware compromise between standardized protocols and specific 
approaches are required to operate properly and ensure the most suitable 
conservative strategies. As a matter of fact, there are several cases of past 
conservative interventions that turned out to be ineffective or even harmful for 
the treated work of art, inducing conservators and restorers to deal with their 
removal and correction. The issue is controversial and largely debated, with many 
efforts of the scientific community aiming at covering a multi-variable scenario 
of cases and contexts (intrinsic properties of the stone, dimensions, state and 
mechanisms of degradation, conservative methods and application protocols, 
curing conditions, economic aspects). 
The present research focuses on the consolidation of stone materials, meaning to 
apply a product that homogeneously penetrates within the porosities and restores 
General background and aims 
2 
 
or improve the substrate cohesion, without affecting its physical, chemical and 
aesthetical properties. Particularly, two main topics have been here studied and 
discussed, in the perspective of widening the knowledge and improving the tools 
to practically intervene in the complex field of consolidation of stone materials.  
The first topic addressed the consolidation of earth, a substrate that characterized 
the architecture of many areas of the world since ancient times, and that is still 
largely in use. Earthen masonry includes a series of techniques that share the 
employment of unbaked earth, whose many qualities and potential effectiveness 
are though compromised by its susceptibility to erosive degradation, leading to 
the progressive loss of surface grains cohesion. Unfortunately, such materials 
have a scarce background of understandings and expertise, and the choose of the 
best conservative approach may result challenging. Among earthen materials, 
‘adobe’ represents one of the most common techniques worldwide spread, and 
consists of sun-dried mud bricks, often stabilized with organic fibers and lime. 
Here, a promising strategy was developed and tested on adobe, to overcome the 
drawbacks of traditional consolidating products: a hybrid system based on 
nanotechnology was formulated using nanosilica, nanolime and a cellulose 
derivative, to obtain a fully compatible and effective consolidating product for 
restoring the surface cohesion of a powdery and poorly aggregated material of 
great archaeological and modern interest. 
Secondly, a compared study on the carbonation kinetics of nanolimes was 
conducted. As well as the knowledge of the substrate properties is crucial, 
understanding the behavior of a consolidating product after application is 
fundamental to fulfil consolidation. Nanolimes are colloidal dispersions of 
Ca(OH)2 nanoparticles, that have recently emerged as effective and compatible 
materials for many conservative operations, and represent a valid alternative to 
the traditional products for consolidation purposes (organic polymers, 
alkoxysilanes, inorganic products as lime water), not only for carbonate-based 
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stone. Despite their diffused adoption, their reaction mechanism is not fully 
understood yet and little consensus has been reached in the literature. In this 
work, four different commercial nanolimes were considered for a compared 
carbonation kinetic study, by means of FTIR and accelerated carbonation under 
controlled T and RH conditions.  
 
The introduction section of the present dissertation is an overall presentation of 
the current strategies for the consolidation of stone. The advantages and possible 
drawbacks of the three main groups of traditional stone consolidants (organic 
polymers, inorganic materials, and siliceous compounds) are presented, and the 
new perspectives provided by the recent advancements in colloids and materials 
science (nanotechnologies and composite materials) are described. 
In the two chapters of the fundamentals section, the two research topics addressed 
in the present research are shown in detail: a knowledge background of the 
specific issues and the adopted strategies of intervention and investigation are 
presented.  
The chapters of the experimental section describe the used materials and 
analytical methods and procedures, followed by the discussion of the obtained 
results concerning the consolidation of earthen masonry using hybrid 
nanocomposites and the study of the carbonation kinetics of commercial 
nanolimes for stone consolidation. 
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Chapter 1 – Consolidation of stone materials 
 
 
1.1. Introduction 
 
Stone has been largely used as artistic and building material during the centuries, 
and the stone patrimony includes both natural materials (made of various 
lithotypes) and artificial materials, obtained from the transformation of the 
formers (e.g. stucco, mortar, plasters, ceramic products, cement). Since their 
implementation, lithic materials continuously undergo physical erosion, 
chemical corrosion and bio-pollution processes, as well as anthropic detrimental 
interventions, which inevitably alter their original form. Among the variety of 
degradation causes and mechanisms, one of the most concerning consequences 
is the loss of the substrate granular cohesion, that progressively affects the 
exposed layers, leading to the weakening of the mechanical properties and 
endangering the artifact’s integrity. Therefore, many efforts are being done by 
the scientific community to develop satisfying consolidating strategies. 
Consolidation, one of the main restoration operations, aims at recovering the 
conservative status of the degraded object (together with cleaning, protection, 
gluing, reconstruction etc.), and it consists of applying a product onto the surface 
which is able to penetrate within the substrate porosities and restore the grains 
cohesion up to the inner layers. Consolidants are usually applied to the surface of 
the stone by brush, spray or direct contact. They should be compatible and, hence, 
durable interventions to prevent, slow down or recover stone materials from 
degradation.  
Chapter 1 
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The aim of this chapter is to introduce the current strategies for the consolidation 
of stone artefacts, up to the latest technologies, shedding light on their advantages 
and possible drawbacks.  
In this framework, the two research topics of the present dissertation are placed: 
the development and application of a hybrid nano-composite to address the 
consolidation of a poorly aggregated earthen material, adobe, and a study on the 
carbonation kinetics of nanolimes, dispersions on Ca(OH)2 nanoparticles which 
are commonly used for consolidation purposes.  
 
1.2. Consolidation of stone materials: a brief review 
 
Conservation methods unceasingly evolved over time, thanks to the progress of 
scientific research and according to specific necessities and happenings. A crucial 
year was 1966, when the damages caused by the floods of Florence and Venice 
forced to face the restoration of a considerable number of artworks, promptly. In 
such situation, the need of deepening the knowledge and techniques for correct 
conservative interventions was highlighted, and the remarkable research progress 
defined the birth of modern Conservation Science. In the field of stone 
consolidation, chemists and material scientists focused on the development of 
compatible materials for durable treatments, to address the great diversity of 
substrates (e.g. chemical composition, porosity and internal structure etc.). 
Despite carbonate- and silicate-based materials represent the two main categories 
of stone artefacts for which consolidating methods have being studied and 
developed, the analysis of the artwork materials is considered a fundamental 
preliminary step for choosing the most suitable treatment, as universal 
consolidants do not exist. 
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In the next paragraphs the principal methods developed and used for stone 
materials consolidation will be presented, from traditional approaches to 
nanotechnologies, from organic and inorganic materials to hybrid compounds.  
 
1.2.1. Traditional products 
 
From a general point of view, traditional stone consolidants belong to three main 
groups, according to their chemistry: organic polymers, inorganic materials, and 
siliceous compounds.  
 
Organic compounds 
Organic compounds are among the first materials used as stone consolidants 
since the second half of the 20th century, and they are still widely used in 
conservative practices. They primarily consist of synthetic polymers, such as 
acrylate, vinyl, silicone, and epoxy polymers, in the form of solutions or 
dispersions. After the solvent evaporation, continuous films or 3D networks 
forms within the porous structure, settling the incoherent grains and producing 
consolidation. Such materials immediately became appealing and competitive on 
the market thanks to their good consolidating power, high adhesive and elastic 
properties, water repellency, saturation of colors, easy application and low cost. 
However, it is now known that these compounds lack physico–chemical 
compatibility with inorganic porous matrices, producing severe damages on 
stone artifacts (e.g. yellowing, brittleness, detachments) in a time shorter than 50 
years (Giorgi et al. 2010b; Baglioni et al. 2015). Particularly, past treatments with 
synthetic organic polymers turned out to produce drastic changes in the water 
capillarity, water vapor permeability, and surface wettability of the substrate. Salt 
crystallization phenomena, and the consequent reduction of the mechanical 
properties, are caused by the alteration of the natural breathing of the surface. 
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Besides, the polymers themselves can undergo degradation, resulting in 
irreversible and unstable applications. Cross-linking reactions and chain 
scissions cause molecular weight changes of the polymer, leading to undesired 
chromatic variations and loss of solubility (Favaro et al. 2006; Giorgi et al. 
2010b). 
Natural organic compounds have also been used as consolidants, as well as 
coatings or additives. They include resins, oils and other materials belonging to 
local traditions, which are easily available and not expensive.  An example is 
given by nopal mucilage (resin suspended in cactus juice), which is widely used 
in Latin America (Vazquez-negrete et al. 2008; Rodriguez-Navarro et al. 2017). 
However, a common drawback of natural consolidants is represented by their 
rapid aging and susceptibility to biodegradation, leading to the need of frequent 
retreatments.  
 
Inorganic compounds 
In 1969, while organic polymers were spreading, the 'Ferroni-Dini method' was 
developed as a pioneering methodology within the renewed approach arising 
from recent flood events (Giorgi et al. 2010b; Baglioni et al. 2013; Chelazzi et 
al. 2013). The method was designed by the physical-chemist Ferroni, after the 
damaging of the Florence frescoes, as a compatible treatment for wall paintings 
affected by significant sulfate pollution. It consists of a two-step procedure where 
aqueous solutions of two different chemicals loaded in cellulose pulp which is 
applied onto the degraded surface: ammonium carbonate is used to extract 
gypsum (a typical product of calcium carbonate degradation) by turning it into 
soluble ammonium sulfate, mainly removed by absorption in the poultices, and 
then barium hydroxide is used to fix the residual soluble sulfates into insoluble 
barium sulfate, hence preventing salt migration. Furthermore, the excess of 
barium hydroxide generates calcium hydroxide in situ, via an exchange reaction 
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with the powdery calcium carbonate formed in the first step, and gives barium 
carbonate via reaction with atmospheric CO2. Calcium hydroxide aqueous 
solution (lime water) is not used as a direct consolidating compound, given its 
scarce solubility in water in respect of barium hydroxide. However, the newly 
formed lime can react with atmospheric CO2 to obtain a crystalline network of 
calcium carbonate that consolidates the weakened powdering matrix by renewal 
of the natural binder. The conservator Dino Dini restored the Beato Angelico wall 
paintings in Florence using for the first time the described method, in an 
exemplary interdisciplinary cooperation.  
The physico-chemical compatibility between the inorganic barium hydroxide and 
the mineral matrix made the method a valid alternative to organic treatments, and 
it has been in fact successfully applied worldwide. Besides, the method served as 
a precursor for the development of the more recent nanotechnologies, which will 
be discussed in the next paragraph.  
In general, affinity with stone materials and resistance to aging make inorganic 
compounds interesting materials. They act not only as fillers, but react with H2O 
or CO2 to form new compounds in the porous matrix, which are chemically bound 
to the substrate. 
Among the inorganic compounds, calcium hydroxide is the most eligible for 
many conservation practices, as it converts into calcium carbonate by reaction 
with atmospheric CO2 in presence of water (carbonation process). CaCO3 is the 
main constituent of mortars and many stone materials, and it is also compatible 
with cellulosic artistic substrates like paper, wood and canvas. However, the use 
of both aqueous solutions and dispersions of Ca(OH)2 is not advisable. Because 
of the low solubility of calcium hydroxide (1.7 g/L at 20°C), saturated aqueous 
solutions do not guarantee effective consolidation, and the use of considerable 
amounts of product would introduce high quantities of water in the porous 
substrate, leading to undesired effects. Ca(OH)2 aqueous dispersions are not 
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kinetically stable, which results in sedimentation phenomena that cause poor 
penetration and surface veils. Therefore, the use of nonaqueous media, i.e. 
alcohols, as particles dispersing agents immediately resulted preferable (Chelazzi 
et al. 2013; Baglioni et al. 2014). The ideal agents in terms of compatibility are 
alkaline-earth metal hydroxides (calcium, barium and strontium hydroxides), as 
they react with carbon dioxide to form insoluble carbonates. Nevertheless, when 
the consolidant size is reduced to nanoscale, better efficacy and penetration of 
the treatment can be achieved, as described below.  
 
Siliceous compounds 
If calcium carbonate shows high compatibility with carbonate-based stone, as 
well as mortars and wall paintings, siliceous materials are largely applied on 
silicate-based stones. In general, siliceous compounds represent an important 
class of consolidants, and can be of both organic and inorganic origin, so they are 
often discussed separately. 
Silica is an inert and stable compound. Degradation of siliceous stone is provoked 
by the dissolution of the mineral grain binder, hence in situ silica precipitation 
within the stone pores can regenerate both protection and consolidation.  
Alkaline silicates, particularly water solutions of potassium, sodium or 
ammonium silicates, have been used for stone consolidation, as when exposed to 
air they precipitate silica inside the porous stone matrix. However, their 
hydrolysis also leads to the formation of the correspondent hydroxides, with the 
consequent production of soluble salts, causing mechanical stress and further 
degradation. The poor penetration ability also limits their use (Wihr and Steenken 
1970; Sleater 1973).  
The most commonly used compounds are alkoxysilanes: they have been studied 
for stone preservation since the first decades of the twentieth century, but their 
greater diffusion took place starting from the 80s, and, not long after, their use 
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also on carbonate-based stones became frequent. The main reasons of their 
popularity are linked to their abilities to form siloxane (Si-O-Si) bonds and 
polymerize to produce materials that mimic the binder of siliceous stone, their 
low viscosity and easy penetration. They also have lower impact on stone 
permeability in respect of organic polymers and the siloxane bond is stable and 
resistant to aging (Clifton 1982; Wheeler 2005; Pinto and Rodrigues 2008). 
Alkoxysilanes are esters of silicic acid, i.e. silanes (SiH4), where the hydrogens 
are substituted by alkoxy groups (-OR, where R generally indicates alkyl groups 
such as methyl, CH3, or ethyl, CH3CH2). Particularly, only four compounds have 
been regularly used for stone consolidation, as they are tri- or tetra-functional and 
can form a 3D network, have the correct balance of volatility and reactivity, and 
are harmful to people and stone: tetraethoxysilane or TEOS, Si(OCH2CH3)4; 
methyltriethoxysilane or MTEOS, CH3Si(OCH2CH3)3; trimethoxysilane or 
TMOS, Si(OCH3)4; and methyltrimethoxysilane or MTMOS, CH3Si(OCH3)3. 
These oligomers are applied in solution, with possible addition of catalysts, and, 
once absorbed by the stone, undergo the sol-gel process: water hydrolyzes the 
alkoxy groups with the release of alcohols; then the newly formed silanols 
condensate forming a dispersion of polymer chains (sol); once the solvent 
evaporates, the chains approach and further condensate, forming a continuous 
and porous 3D network which still retains the liquid phase (gel) of amorphous 
silica. Aging involves structural reorganization of the network, variation of the 
pore diameter and stiffening for further cross-linking. During the last drying 
phase, residual liquid is removed, and a partial densification occurs.  
The sol-gel reactions are shown below (Figure 1.1): 
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Figure 1.1 - Sol-gel reactions 
 
Alkoxysilanes are hence advantageous due to their penetration properties, 
chemical, thermal, and light stability owed to their siloxane backbones, and 
absence of harmful by-products, as water and alcohol are volatile products that 
evaporate without leaving residues. The formation of silica as a final product 
makes these products more suitable for silicate-based stones, since the 
consolidating effect is due to the formation of chemical bonds (condensation) 
with the substrate hydroxyl groups. If applied on carbonate-based materials they 
form weaker electrostatic bonds, leading to a simple filling effect rather than a 
true consolidation. A known drawback of these material is the tendency to form 
a brittle xerogel that cracks inside the stone, due to the high capillary pressure 
supported by the gel network during drying, depending on the gel structure and 
pore size (dense micro-pored gels, typically obtained from TEOS, are known to 
be susceptible to cracking) (Sakka et al. 2005; Mosquera et al. 2009).  
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1.2.2. Nanotechnologies  
 
Nanotechnologies have responded to the need of turning attention towards new 
materials and techniques in many application fields, including Conservation 
Science: if soft nanomaterials (microemulsions and gels) have been developed 
for safe surface cleaning operations, hard nanomaterials have been studied to 
provide alternative consolidants to polymers and inorganic bulk materials.  
A colloid is a mixture in which a substance is found in a finely dispersed state, 
intermediate between the solution and the suspension. This micro-heterogeneous 
state consists of one dispersed phase of microscopic dimensions (1nm - 1μm 
diameter) and one continuous dispersing agent. In 2011, the European 
Commission adopted the following definition of a nanomaterial: "A natural, 
incidental or manufactured material containing particles, in an unbound state or 
as an aggregate or as an agglomerate and for 50% or more of the particles in the 
number size distribution, one or more external dimensions is in the size range 1 
nm – 100 nm". 
Nanomaterials can be obtained via two main synthetic pathways: break-down and 
bottom-up methods. In break-down methods, the desired particle size is obtained 
by grinding or thermal decomposition; in bottom-up methods, the particles are 
obtained by aggregation of atoms or ions until the desired size, via deposition and 
growth of crystals starting from liquid or vapor phase or via sintering in the solid 
state and reaction between nanoparticles (Baglioni and Giorgi 2006).  
Nanotechnologies for stone consolidation include both inorganic (mainly 
dispersions of alkaline-earth hydroxide nanoparticles) and hybrid nanomaterials 
(i.e. organic-inorganic formulations). 
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1.2.2.1. Inorganic nanomaterials 
 
Many synthetic pathways have been developed in the last 20 years for the 
preparation of calcium, magnesium, strontium, and barium hydroxide 
nanoparticles dispersed in short-chain alcohols for different conservation 
practices, mainly consolidation and deacidification, tailoring the particles’ size 
and shape to obtain enhanced reactivity and higher penetration into the substrate. 
Here, a general overview of the main synthetic procedures and applications for 
the consolidation of both wall paintings and lithoid substrates is described, with 
focus on calcium hydroxide, as it represents one of the most used compounds, 
and has a central role in the present research. 
At the beginning of the 1990s, the Center for Colloid and Surface Science (CSGI, 
“Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande Interfase”) 
was established in Florence and started its research on Colloids and Material 
Science, focusing on compatible inorganic consolidants, particularly micro- and 
nano-particles. 
Non-aqueous dispersions of calcium hydroxide were initially developed for the 
consolidation of thin carbonate-based substrates, such as wall paintings, as an 
improvement of the second step of the Ferroni method. In this way, after 
desulfation (first step), calcium hydroxide is directly re-introduced into the 
carbonatic matrix, instead of being obtained from precursors.  
As mentioned, the use of non-aqueous methods is preferable, as aqueous 
solutions lead to particles stacking through hydrogen bonds, favored by adsorbed 
water molecules (Chelazzi et al. 2018). Instead, the use of low-toxic solvents such 
as short-chain alcohols and solid submicron-sized particles allows to obtain 
stable and highly concentrated dispersions, without the need of adding stabilizers, 
that could leave residues on the porous matrix. In fact, the mentioned hydroxides 
are not soluble in organic solvents, but if the particle size is very small, stable 
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dispersions can be obtained, avoiding particle aggregation and subsequent 
sedimentation and poor penetration. 
The first stable lime/alcohol formulation was applied on wall paintings by 
dispersing slaked lime particles with an average size of 3–4 μm in 1-propanol by 
vigorous stirring, with a three times higher concentration of calcium hydroxide 
in respect of limewater (Giorgi et al. 2000a). 
Afterwards, the attention was focused on obtaining alcoholic dispersions of nano-
sized Ca(OH)2 particles, instead of micron-sized, to enhance the formulation 
stability, penetration within the porous matrix, and reactivity. Several preparation 
methods have been developed, taking into account the average particle size, but 
also the particle size distribution, particle surface area, crystallinity and presence 
of defects, dispersing agent, as they influence the consolidation process. 
Ethanol and propanol are the most commonly employed short-chain alcohols, as 
they are environmentally friendly and have suitable viscosity and surface tension 
values to allow a proper application, without hindering particle penetration due 
to excessively high volatility, or, on the contrary, slowing the consolidation 
process by protract their permanence in the substrate. Besides allowing for a 
homogeneous and complete impregnation of the substrate, they also absorb on 
the particle surface (physisorption), favoring the production of smaller particles 
‘by slowing down growth on the surface relative to nucleation of separate 
particles’ (Fratini et al. 2007). The adsorption of the hydroxyl group (–OH) of 
the alcohol molecules to the hydroxide particles surface also inhibits their face-
to face sticking (Figure 1.2) and permit to obtain kinetically stable dispersions 
(Salvadori and Dei 2001). 
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Figure 1.2 - Aggregation of calcium hydroxide nanoparticles in water through 
bridging driven by hydrogen bonds (left); dispersion stabilization in 2-propanol 
(right) 
 
It was reported that the stability increases proportionally with the thickness of the 
hydrophobic layer on the hydroxide particles (that adsorbs alcohol molecules), 
giving the following order of stability enhancement: 1-propanol > ethanol > 2-
propanol (Ambrosi et al. 2001a). 
The same authors reported one of the first methods designed for frescoes 
restoration, i.e. a bottom-up synthesis where calcium hydroxide nanoparticles are 
obtained from aqueous homogeneous phase, by rapidly mixing sodium hydroxide 
and calcium chloride at 90°C. The product is purified, to remove the by-product 
NaCl, and dispersed in 1-propanol in an ultrasonic bath. The particles obtained 
are nanocrystalline hexagonal platelets of Ca(OH)2, namely portlandite, with 
particle size smaller than 600 nm (Ambrosi et al. 2001b). 
The nano-dimensions allow better penetration and kinetic stability in respect of 
micron-sized calcium hydroxide. The reactivity resulted enhanced by the 
capacity of portlandite of absorbing water, favoring carbonation. The formulation 
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was successfully tested both on mortar mock-ups with flaking surface and real 
historical calcareous stone (Ambrosi et al. 2001a). 
Following the described procedure, calcium hydroxide nanoparticles were also 
synthesized by Daniele et al., and applied for the preservation of stone artworks 
(Daniele et al. 2008; Daniele and Taglieri 2010), also introducing some 
modifications (Daniele and Taglieri 2012). Particularly, a non-ionic surfactant, 
Triton X-100, was used to prevent the aggregation of primary Ca(OH)2 
nanoparticles and favor the formation of  more reactive Ca(OH)2 nano-crystals. 
The NaOH drop-wise addition is avoided, but purification is required. 
Dispersions of Ca(OH)2 nanoparticles were initially designed to consolidate 
fresco paintings, exploiting the recreation of a CaCO3 crystalline network that 
provides cohesion and improved mechanical strength to the substrate layers, 
fixing pulverulent substrates and embedding flaking grains and pigments. 
However, their use has been extended to secco paintings and stone, especially if 
carbonate-based. In this last case, more factors need to be considered to achieve 
a homogeneous and satisfactory penetration of the particles, such as substrate 
pore size distribution, particle size distribution, dispersing agent and curing 
conditions, especially if targeting mass consolidation (Borsoi et al. 2016).  
To further reduce the particle size, a synthesis in diols was then developed for 
consolidation operations (Salvadori and Dei 2001), as the use of organic solvents 
allow to reach higher temperatures and hence produce smaller particles. The 
particles were recovered and dispersed in 2-propanol in an ultrasonic bath, to 
remove the adsorbed diols. By tuning the reaction parameters, spherical particles 
of 30-60 nm or hexagonal platelets ranging from 50 to 150 nm can be obtained. 
The formulation was used for the consolidation of biocalcarenite, calcareous 
sandstone and limestone (Croveri et al. 2004; Baglioni et al. 2006; Dei and 
Salvadori 2006). 
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Ca(OH)2 nanoparticles were then obtained via a water-in-oil (w/o) 
microemulsions synthesis (Nanni and Dei 2003), by mixing for prolonged time 
two emulsions containing, respectively, Ca2+ and OH− ions in the dispersed water 
droplets. The particle obtained have a very small size (2-10 nm), owing to the 
formation within the nano-sized water droplets dispersed in a nonionic surfactant 
serving as template, namely cyclohexane (oil phase). The need of selecting the 
suitable microemulsion composition and the too high reactivity of the obtained 
particles limit their use for wall painting consolidation purposes. Besides, the 
described homogeneous phase procedures have low production yields and are 
time consuming, as the particle purification step is needed, even if they allow to 
achieve monodispersity and to control the particle size and shape better than 
heterogeneous phase pathways.  
However, these researches allowed to acquire basic notions and background for 
further developments, like the commercial product Nanorestore®, available on 
the market since 2008 (produced at CSGI and distributed by CTS Srl (Italy)), and 
successfully tested in numerous real case studies, comprising mural paintings in 
harsh environmental conditions, such as Mesoamerican regions, where T and RH 
conditions fasten the degradation (Baglioni and Giorgi 2006; Giorgi et al. 2010a; 
Baglioni et al. 2014). Nanorestore® is a dispersion of thin hexagonal portlandite 
platelets of 300-500 nm (Figure 1.3) in 2-propanol, with a concentration of 5 g/L. 
It is a simple break-down method, consisting in the fragmentation of slaked lime 
and subsequent dispersion in alcohol, specifically designed for the consolidation 
of wall paintings, that produces consistent quantities of particles, avoiding the 
purification step, with slightly larger size than ones obtained in homogeneous 
phase. It is possible to obtain also a minor population of about 1 μm, by varying 
the reaction parameters, which can be useful for substrates with high and varied 
porosity.  
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Figure 1.3 - FEG-SEM image of Ca(OH)2 nanoparticles (Nanorestore®) 
 
Nanorestore® was also studied as consolidant for dolostone samples from the 
Madrid area, which are typically used in historical buildings (López-Arce et al. 
2010). 
Lime slaking (or hydration) is a typical route for calcium hydroxide production, 
consisting of a series of heterogeneous phase reactions (the so-called “lime 
cycle”), involving calcination of carbonate stones at temperatures above 850–
900°C, via solid-state reaction, and the hydration of the resulting calcium oxide 
(or quicklime, CaO) via a highly exothermic process (lime slaking), leading to 
the formation of portlandite (Ca(OH)2). If a stoichiometric amount of water (or 
slightly higher) is added to quicklime, dry hydrated lime is produced, which is 
the standard industrial product; if a higher amount of water is added, an aqueous 
dispersion of Ca(OH)2 particles, known as lime putty, is obtained, which is the 
typical binder of lime-based mortars and plaster since ancient times (Rodriguez-
Navarro and Ruiz-Agudo 2018). Lime slaking generally produces portlandite 
particles with bi-modal size distribution, one population consisting of hexagonal 
primary platelets, with size up to a few hundreds of nanometers, and one 
population consisting of larger aggregates of micrometric size. This might be 
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useful for treatments of substrates with high and varied porosity, but their use is 
limited in many applications. In general, lime slaking allows for high yield of 
nanoparticles with high surface area, with reduced cost, but monodispersity is 
hardly achievable. One method for reducing particle size and control crystal 
shape is the aging of slaked lime putties, by long-term storage under water (also 
practiced by the Romans to obtain more workable pastes), which allow the 
production of more stable and effective nanolimes for consolidation. 
When calcium oxide on the surface turns into hydroxide during lime slaking, the 
temperature rapidly increases, and some CaO residues remain within the 
hydroxide particles core and does not react easily with water due to the passivated 
surface layer of hydroxide (Chelazzi et al. 2013). The complete hydration of the 
oxide nucleus can be forced by thermo-mechanical treatments; given the reaction 
speed and the volume increase, the particle size is reduced by fragmentation. 
Other routes commonly adopted for the formulation of Ca(OH)2 nanoparticles’ 
dispersions include sol-gel solvothermal processes (Ziegenbalg 2005; Poggi et 
al. 2014, 2016), where the alcohol (ethanol or propanol) oxidizes metallic 
calcium to the corresponding alkoxide, and the subsequent addition of water 
induces the formation of calcium hydroxide via a hydrolysis reaction. Highly 
crystalline colloidal calcium hydroxide already dispersed in a suitable solvent for 
the application is obtained, with portlandite particles of ca. 100-200 nm and 
thickness of ca. 20–30 nm (Figure 1.4).  
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Figure 1.4 - Ca(OH)2 nanoparticles obtained via ethoxide route (top) and 1-
propoxide route (bottom): TEM image (8k nominal magnification), and size 
distribution obtained from TEM images analysis (B) 
 
CaLoSil® is another commonly used product in cultural heritage conservation, 
commercialized since 2010 by IBZ-Salzchemie GmbH & Co. KG (Germany). It 
is synthesized via an alkoxide route, directly from alcohol solution, and the 
obtained particles have dimensions of 50–250 nm. The dispersing agents are 
ethanol, 1-propanol and 2-propanol, with a concentration range of 5–25 g/L.   
CaLoSil® was studied used for stone consolidation with positive results, and 
more effective consolidation was achieved using the ethanol dispersion in respect 
of the 2-propanol dispersion (Ziegenbalg 2008; D’Armada and Hirst 2012). 
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Alternatively, calcium alkoxides in alcohol solution were proposed to impregnate 
porous substrates, where they can react with atmospheric CO2 in presence of H2O 
(atmospheric or purposely added), to form nanostructured calcium hydroxide in 
situ (Ziegenbalg 2005; Favaro et al. 2008; De Zorzi et al. 2009). The carbonation 
process depends on curing conditions and alkoxides particle size, and 
consolidating efficacy is related to the alkoxides solubility and stability in 
solution. The low solubility of alkoxides does not allow for concentrated 
formulations, hence multi-step treatments are needed.  
As mentioned, the chemical composition of the substrate should be mirrored by 
the product applied for its consolidation, to fulfill compatibility criteria. 
However, good results were obtained also with Ca(OH)2 formulations on 
siliceous substrates. Particularly, Nanorestore® and carbide lime putty were 
applied and formed calcite or vaterite, that bind quartz grains, resulting effective 
for the consolidation of sandstone, with the use of ethanol as dispersing agent 
producing better consolidation in respect of 2-propanol (Rodriguez-Navarro et 
al. 2013). This was described as not unexpected by the authors, as calcium 
carbonate is a common cement for sandstone or quartz sand, and it is also 
produced by bacterial biomineralization. Moreover, alkaline formulations of 
calcium hydroxide can react with silica present in the substrate, in the presence 
of water (e.g. moisture in the pores), and form amorphous or poorly crystalline 
(gel-like) calcium silicate phases, producing chemical continuity between the 
carbonate and silicate phases (Armelao et al. 2000). The interaction between 
silica and lime will be furtherly discussed below. 
Colloidal silica is another interesting material for the consolidation of stone, and 
it was recently explored for its physico-chemical compatibility to silicate-based 
stones.  
Grimaldi et al. evaluated the performances of colloidal silica-based plasters and 
protective surface coatings over one year of exposure, in the Archaeological Site 
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of Tajín, Mexico, proving their better durability and compatibility with the 
sandstone substrate in respect to previously applied plasters, made of synthetic 
polymers or lime (Grimaldi et al. 2012). Zornoza-Indart and Lopez-Arce studied 
the influence of relative humidity on the consolidating effectiveness of SiO2 
nanoparticles applied on historical siliceous-carbonate stone. Starting from 
colloidal nanosilica precursor, they obtained a product acting like a silica gel, 
upon exposure to lower and higher RH, owing to reversible adsorption and 
desorption of water. As a consolidant, the product increased the surface hardness 
and drilling resistance of the stone. (Zornoza-Indart and Lopez-Arce 2016). 
Nanosilica was also applied on carbonate-based materials. Calia et al. studied the 
performance of silica nanoparticles applied on porous substrate like calcarenite, 
assessing the quantity applied and application method (Angela Calia, Maurizio 
Masieri, Giovanni Baldi 2012). Falchi et al. investigated the application of 
nanosilica aqueous dispersions on carbonate rocks, specifically Lecce Stone, in 
terms of penetration depth, particle dimensions, stone pore radius distribution,  
and physico-chemical characteristics (Falchi et al. 2013). They reported the 
necessity of ethanol pre-treatments of the stone, to reduce surface tension and 
obtain deeper penetration of the particles, which otherwise form a xerogel on the 
stone surface.   
 
1.2.2.2. Composite nanomaterials 
 
Composite materials are multiphase materials consisting of components with 
different physical or chemical properties, separated by an interface. Specifically, 
hybrids materials result from the combination of at least two components, 
generally organic-inorganic, at a nanoscale or molecular level; therefore, the new 
material can exhibit improved or even new properties.  
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Advancements in colloids and materials science have provided candidate 
materials to improve compatibility and versatility of the products available on the 
market and optimize existing technologies. 
For instance, organic-inorganic nanomaterials are being studied to tackle the 
challenge of developing crack-free silica materials for application as 
consolidants, and overcome the practical drawback of traditional products, as 
mentioned in the previous section. Particularly, silica nanoparticles were added 
in traditional consolidants like TEOS to obtain a colloid-polymer hybrid that 
forms mesoporous gels, and hence reduce the capillary forces that develop during 
drying (Mosquera et al. 2003). Similarly, new TEOS-based consolidants 
containing flexible (3-glycidoxypropyl) trimethoxysilane and silica nanoparticles 
of different sizes were synthesized and compared with commercial products, 
showing good consolidating properties and a crack-free behavior (Kim et al. 
2009). 
Miliani et al. synthesized particle-modified silica consolidants filled with titania, 
alumina, and silica particles, obtaining improved properties with respect to 
unfilled ethyl silicate, comprising reduced risk of cracking and protection of 
sandstone from salt crystallization damage. In addition, changing the filling 
particle, the properties of the final composite can be controlled, e.g. color can be 
tailored to match the stone aspect by choosing a specific starting sol (Miliani et 
al. 2007). 
Alternatively, Mosquera et al. developed a sol - gel process to obtain a silica gel 
with more coarse and uniform pores, using a neutral surfactant in low 
concentration, to reduce the capillary pressure during drying (Mosquera et al. 
2008). The new surfactant-synthesized nano-consolidant was applied on granite 
stone and showed no cracking and best results compared with commercial 
consolidants (an ethyl silicate and an acrylic polymer) (Mosquera et al. 2009). 
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The same research group also reported the synthesis of an organically modified 
silicate (ormosil), by the co-condensation of TEOS and hydroxyl-terminated 
polydimethylsiloxane in the presence of a surfactant, obtaining an organic-
inorganic, hydrophobic and crack-free nanomaterial for stone restoration 
(Mosquera et al. 2010).  
Another interesting interaction is the one between silica and calcium hydroxide, 
yielding CSH phases, which has been widely studied in the past. Greenberg 
studied the heterogeneous reaction between silica and calcium hydroxide 
solutions in the temperature range 30 - 85°C, investigating the influence on the 
reaction rates of temperature, calcium hydroxide concentration, amount and type 
of silica, and silica surface area. It was concluded that the rate controlling step is 
the available surface of silica (Greenberg 1961). Mitchell et. al studied the 
interaction between silica fume and calcium hydroxide (and with cement), 
leading to the formation of CSH phases via pozzolanic reaction, i.e. the reaction 
of finely dispersed siliceous/aluminous materials with calcium hydroxide in the 
presence of water, to form compounds with cementitious properties (Mitchell et 
al. 1998). Baltakys et al. investigated the interaction of Ca(OH)2 with amorphous 
SiO2 and crystalline SiO2 (quartz), and found that, in the Ca(OH)2–amorphous 
SiO2–H2O system, the surface of SiO2 globules was totally covered with well-
crystalline CSH plates, while, in the samples with quartz, only the gaps between 
quartz crystals were filled with CSH (Baltakys et al. 2007). Lin et al. reported 
that Ca(OH)2-activated nano-SiO2 cements show shorter setting times and lower 
heat liberations than pure C3S cement using deionized water as the liquid phase 
(Lin et al. 2010). 
The effectiveness of the process could be enhanced when both components are 
in the form of nanoparticles. In fact, the possibility of preparing dispersions of 
nanoparticles in different solvents (besides water, short chain alcohols and water-
alcohol blends), allows to avoid sedimentation and aggregation of the particles, 
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and the detrimental effects caused by excessive wetting of the stone with water 
(freeze-thaw cycles, transport of soluble salts, growth of microorganisms 
(Baglioni et al. 2013). Moreover, particles with high surface area have higher 
reactivity, as opposed to bulk materials, in the formation of CSH phases. 
Recently, Daniele et al. investigated the interaction of silica fume with Ca(OH)2 
aqueous suspensions stabilized by a non-ionic surfactant (Triton X-100) (Daniele 
et al. 2013), reporting on the formation of CSH phases. However, it is to be noted 
that the use of purely aqueous systems involves the aforementioned drawbacks 
in practical applications on stone, and the use of surfactants as stabilizers is 
discouraged, as the long-term behavior of these additives on the stone substrate 
has not yet been investigated. 
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Chapter 2 – Consolidation of earthen masonry 
 
 
2.1. Introduction 
 
Siliceous stone materials represent a wide and important class of global artistic 
and architectural heritage. These materials share a silicate-based matrix, but have 
extremely diversified compositions and structures, including both natural lithoids 
(from granite to sandstone), and artificial materials like ceramic products and 
cement. Among the latters, earthen masonry (i.e. building materials obtained with 
an unfired mixture of soil and water) has been used since ancient times because 
of its cheapness and availability, simple manufacturing process, good thermal 
and acoustic properties and eco-friendliness, and it is now spreading in many 
industrialized countries (sustainable architecture). Currently, over half of the 
world’s population lives in unbaked earth houses, as estimated by the United 
States Department of Energy (Avrami et al. 2008). The earthen architectural 
heritage includes immovable patrimony ranging from archaeological sites to 
modern buildings. However, the typical outdoors location of these artifacts 
makes them continuously exposed to various physico-chemical alteration 
phenomena, leading to the need of developing conservation interventions 
specifically addressed to the type of substrate and degradation, granting 
compatibility and long-term effectiveness. 
 
2.2. Definitions: adobe 
 
Adobe is one of the most popular earthen masonry techniques, of great 
archaeological and architectural interest (Brown and Clifton 1978; Adorni et al. 
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2013; Caporale et al. 2014). The term adobe generally indicates sun-dried bricks, 
but also includes adobe mortar and cast adobe (Figure 2.1). 
 
    
 
 
Figure 2.1 - Typical peruvian adobe house (top left); the largest adobe city on 
earth: Chan Chan, Peru (top right); Fort Union National Monument, Mora 
County, New Mexico, USA 
 
Adobe bricks are obtained handmade by mixing earth and water to a plastic 
consistency, shaping it in molds, and letting the water evaporate by sun drying. 
Recipes and mineralogical composition of soils are various, according to local 
traditions and availability. Cohesive soils (clay and silt) represent the binding 
fraction, responsible of the mechanical strength of the material. Particularly, the 
active phase is represented by the clay fraction, mainly consisting of alumino-
silica, carbonates, sulfates, oxides. Granular soils (sand and gravel) represent the 
inert fraction and play an important role in controlling the mixture workability 
and shrinkage. Figure 2.2 shows the granulometric distributions of soil particles. 
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Figure 2.2 - Particle size fractions (ISO 14688-1:2017(E)) 
 
In order to avoid cracking during drying and optimize the bricks’ strength, the 
mixture can be adjusted by re-proportioning the soil fractions, or by adding 
stabilizers (Figure 2.3), especially natural organic fibers (straw, dry grass) 
(Galán-Marín et al. 2010; Quagliarini and Lenci 2010) or artificial products, often 
including lime in small percentages (Guerrero Baca 2007; Maskell et al. 2014).                 
 
     
 
Figure 2.3 - Adobe bricks manufacturing (left); 
soil with fibers from an adobe brick (right) 
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2.3. Earthen masonry consolidation 
 
A major issue regards the degradation processes of adobe, which is particularly 
susceptible to wind and water erosion (Clifton 1977; Brown et al. 1979; Illampas 
et al. 2013). Reportedly, adobe bricks are porous substrates with pore size of 
micrometric scale, up to a few mm, and porosity values of 20-40% (Brown et al. 
1979; Hamiane et al. 2016). The prolonged circulation of water in the adobe pores 
induces washouts, freeze-thaw cycles, and swelling-shrinkage cycles of the clay 
fraction, leading to the progressive reduction of cohesion of the grains, the loss 
of mechanical properties, and eventually crumbling (Figures 2.4 and 2.5).  
 
       
 
Figure 2.4 - Wind and water erosion: Santa Cruz Papalutla,  
Oaxaca (left); Nuestra Señora del Pilar and Santiago de Cocóspera Temple, 
Mexico (right)  
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Figure 2.5 - An adobe brick from the Morelos state (Mexico):  
crumbling and loss of grains by touch 
 
Figure 2.6 schematizes three of the main processes by which water affects adobe 
structures: action of rain water on the top of walls, resulting in the formation of 
cracks; slow erosion of the vertical surfaces, and spalling at the wall base due to 
the accumulation of water containing salts. 
 
 
 
Figure 2.6 - Major effects of moisture on adobe walls 
 
The preservation of earthen masonry is a relevant and widely discussed topic in 
cultural heritage conservation, as testified by the number of international 
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conferences carried out with the aim of promoting research and improving 
interdisciplinary knowledge (2000, 2008). A deep understanding of the various 
building types, components proportion and composition is required, and many 
strategies have been proposed so far for renewing the cohesion of adobe artefacts. 
It is to be noted that a complete penetration of the consolidating product along 
the whole depth of a stone substrate is a hardly achievable in many cases, 
especially if dealing with thick substrates, limiting the possibilities of fulfilling a 
real structural/mass consolidation. However, general pathologies tend to manifest 
at the top of the adobe wall, where erosion occurs if adequate protection lacks, 
and at the bottom, if water penetrates from the ground, carrying damp and salts 
(Clifton 1977; Doat and CRATerre 1983). Under this point of view, maximizing 
the consolidation treatment penetration and protecting the surface layers from 
further weathering is a fundamental goal. 
 
2.3.1. Traditional conservation methods 
 
Inorganic consolidants for earthen masonry restoration mainly include alkaline 
silicates (sodium and potassium), owing to their availability, easiness of 
application and ability to reproduce the inorganic matrix. However, a careful 
control of molar ratios and application is necessary to obtain good results (Warren 
1999). Organic resins and oils have also been used, starting from the 1980s. 
Different materials belonging to local traditions have been applied as 
consolidants, surface coatings, or additives to new earthen materials, thanks to 
their availability, relatively low cost and potential effectiveness. The nopal 
mucilage (resin suspended in cactus juice) is commonly used in Meso-american 
regions (Figure 2.7), frequent treatments are needed due to its rapid aging 
(Martínez-Camacho et al. 2008; Kita 2013). 
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Figure 2.7 - Restoration with nopal mucilage: Nuestra Señora del Pilar and 
Santiago de Cocóspera temple, Mexico 
 
Other traditional consolidants are synthetic products, including alkoxysilanes, 
acrylic resins, vinyl polymers, epoxy resins and polyurethanes, but they often 
produce little and superficial hardening (Avrami et al. 2008), or significant 
changes in the substrate properties (Figure 2.8).  
 
 
 
Figure 2.8 - Impregnation with synthetic polymers: Adobe cannot breathe and 
‘explodes’. Santa María el Tule, Oaxaca 
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The use of alkoxysilanes on earthen materials, particularly TEOS and TMOS, 
dates back to the 1960s, mainly due to their proven effectiveness on a wide range 
of silicate-based substrates, and the ability of providing water repellency. 
However, they have poor consolidating power on grains larger than sand and 
hardly produce high weather-resistance on soils. They have also been studied in 
combination with acrylic polymer and alkaline silicates. Similar consolidating 
effect is obtained with diisocyanates, but their use is limited to specific clay 
mineralogies and methods of application. Polyvinyl alcohol and polyacrylamide, 
as well as acrylic resins like Primal AC-33 and Rhoplex E-330 are more 
commonly used as admixtures for new materials rather than in situ consolidants. 
Acrylic resins like Paraloid B-72 and Paraloid B-67 have been used, but their 
application is limited to dilute solutions, in order to obtain sufficient penetration, 
and limit properties changes in the substrate. 
 
2.3.2. Innovative strategies: composite nanomaterials 
 
Currently, valid alternatives to traditional products for adobe consolidation are 
still lacking, but advancements in colloids and materials science could provide 
candidate materials to fill this gap. For instance, sols have been obtained using 
silica oligomers and surfactants, and applied to stone consolidation (De Rosario 
et al. 2015), and aqueous solutions of colloidal silica nanoparticles have been 
investigated as consolidants, inquiring the effect of relative humidity on the 
treatment of siliceous-carbonate stone (Zornoza-Indart and Lopez-Arce 2016). 
Besides, nanoparticles of Ca(OH)2 have been successfully used for the 
consolidation of wall paintings, plaster and stone (not only carbonate); and 
several approaches have been proposed in the last decades concerning the 
production of stable dispersions in short chain alcohols up to high concentrations 
(Chelazzi et al. 2013; Rodriguez-Navarro et al. 2013; Lanzón et al. 2017; 
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Rodriguez-Navarro and Ruiz-Agudo 2018). As mentioned above, lime has been 
used as a stabilizer since ancient times, and evidence of the cementing phases can 
be found in antique samples (Lanzón et al. 2017).  
In the present research work, we aimed at obtaining the consolidation of adobe 
by exploiting the chemistry of cement, namely the in situ formation of calcium 
silicate hydrate (CSH), responsible for the cement hardening. As mentioned in 
Chapter 1, the interaction of silica with calcium hydroxide, yielding CSH phases, 
has been widely studied in the past, and preliminary studies on the combination 
of both silica and lime in the form of nanoparticles have also been conducted. 
Moreover, the alkaline activation of bulk silica with aqueous solutions of 
hydroxides was considered for the restoration of adobe, by reducing the swelling 
capacity of clays by turning them into non-expandable binding materials, such as 
calcium silicate hydrate, using alkaline activators like Ca(OH)2 (Oti et al. 2009; 
Elert et al. 2015). In fact, nanosilica is a pozzolanic material, a broad class of 
siliceous materials which, in themselves, possess little or no cementitious value 
but which will, in finely divided form and in the presence of water, react 
chemically with calcium hydroxide at ordinary temperature to form compounds 
possessing cementitious properties.  
In this perspective, hybrid nano-composites were here proposed for surface 
consolidation treatments of adobe, whose complexity lies in its composite nature. 
The combination of three components such as nanosilica, nanolime and a 
cellulose derivative (namely, hydroxypropyl cellulose, Klucel®-G) was 
exploited to obtain a formulation that could show high compatibility both with 
the earth matrix and additives, and allow consolidation of a powdery and poorly 
aggregated substrate by the in situ formation of a cementing phase like CSH. 
Silica and Ca(OH)2, two major components of the cement chemistry, are in the 
form of nanoparticles to burst their reactivity. Moreover, cellulose ethers (CEs) 
constitute an important class of organic polymers used in cement formulations. 
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They are used in the cement industry as anti-washout or water-proofing 
admixtures, for adhesive mortars production, as a viscosity-modifiers, and to 
control the workability of cement (e.g. drying time). In the present case, Klucel 
performs three main actions: i) acts as a viscosity-modifier; ii) cellulose based 
materials are typically used in adobe preparation to provide flexural strength and 
reduce hygrometric shrinkage during drying, and are commonly used in 
restoration practices as adhesives, densifiers, and additives for earthen grouts 
(Bouhicha et al. 2005; Quagliarini and Lenci 2010; Chan 2011); iii) cellulose 
additives act as regulators of water release during the whole hydration, reaction 
increasing the hydration efficiency, and promoting the formation of CSH (Ridi 
et al. 2011, 2013). 
Ethanol/water blends were investigated as dispersing agent, exploiting the 
presence of the cellulose derivative to achieve the system stability without using 
surfactants. The amount of water was reduced but maintained sufficient for the 
setting of CSH phases. Ethanol was selected as it is an optimal solvent in terms 
of volatility, surface tension, and boiling point, for the application of 
nanoparticles to mortars and stone (Baglioni et al. 2015). Nanoparticles can be 
dispersed in different solvents (besides water, short chain alcohols and water-
alcohol blends), allowing to avoid aggregation and sedimentation phenomena, 
and detrimental effects caused by excessive wetting of the stone with water 
(freeze-thaw cycles, transport of soluble salts, growth of microorganisms 
(Baglioni et al. 2013)); moreover, the high surface area provides enhanced 
reactivity, as opposed to bulk materials, in the formation of CSH phases. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
45 
Chapter 3 – Nanolimes for stone consolidation: the 
reaction mechanism 
 
3.1. Introduction 
 
Nanolimes are colloidal dispersions of calcium hydroxide nanoparticles which 
have emerged as a compatible and effective strategy for the consolidation of 
immovable artworks.  
As described in Chapter 1, the use of calcium hydroxide grants durability, 
effectiveness and compatibility. Indeed, the carbonation process results the main 
responsible for the strengthening and the consolidation of degraded lime-based 
materials, such as wall paintings and carbonate stones, as calcium hydroxide 
reacts with atmospheric carbon dioxide in presence of water, and forms a new 
network of crystalline calcium carbonate, which fills the cracks but also binds 
loose grains. (Giorgi et al. 2000a; Rodriguez-Navarro et al. 2016b). Moreover, 
their use was also experimented for the consolidation of silicate-based substrates 
(Dei and Salvadori 2006; Rodriguez-Navarro et al. 2013). 
The particle nano-size (ideally < 300 nm) and the use of short-chain alcohols as 
dispersing agents (e.g. ethanol and propanol) allow to obtain concentrated stable 
dispersions and good penetration within the substrate porosities. Besides, high 
reactivity is granted by the high surface area and crystalline hexagonal plate-like 
shape of portlandite, which enhance the capacity of absorbing water, favoring 
carbonation.  
Different synthetic processes have been developed over the last decades to tailor 
the particles’ shape and size, crystallinity, and adsorbed additives (Yura et al. 
1990; Pérez-Maqueda et al. 1998; Salvadori and Dei 2001; Nanni and Dei 2003; 
Xu et al. 2004; Sequeira et al. 2006; Stefanis and Panayiotou 2007; Daniele et al. 
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2008; Daniele and Taglieri 2010; Giorgi et al. 2010a), which in turn are known 
to affect the carbonation process, and hence the efficacy of the consolidation 
treatment. However, while both the carbonation of bulk Ca(OH)2 and the 
carbonation in solution have been addressed in the literature (Yagi et al. 1984; 
García-Carmona et al. 2003; Montes-Hernandez et al. 2007, 2010; Rodriguez-
Navarro et al. 2015), less studies have so far focused on the carbonation 
mechanism of nano-sized Ca(OH)2 particles in air. The process is affected by 
several factors, mainly including the particles’ size, surface area, and impurities, 
as well as environmental parameters such as temperature, relative humidity (RH), 
and CO2 concentration (Beruto and Botter 2000; Dheilly et al. 2002; Rodriguez-
Navarro et al. 2016b). 
In this chapter, a general overview on the state of the art concerning the 
carbonation process of Ca(OH)2 nanoparticles is provided.  
A systematic study on four different nanolimes was carried out within the present 
research project, aiming at improving the knowledge on the subject and 
comparing the performances of four commercial products typically used for 
consolidation operations. 
 
3.2. On the carbonation of nanolimes 
 
The carbonation process can be outlined in two main steps: the dissolution of the 
reactants, and the reaction of the ions in presence of water. Specifically, when 
lime is applied to a porous substrate and the alcohol has evaporated, carbonation 
starts with the diffusion of CO2 in the gas/water interface and dissolution in water 
(Eq. 3.1), forming carbonic acid (H2CO3) (Eq. 3.2), which dissociates into 
carbonate ion (CO3
2-) (Eq. 3.3) and bicarbonate ion (HCO3
-) (Eq. 3.4); Ca(OH)2 
dissolves and dissociates into calcium ion (Ca2+) and hydroxyl ion (OH−) (Eq. 
3.5); then calcium ions and carbonate ions react, leading to the precipitation of 
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solid calcium carbonate (CaCO3) (Eq. 3.6) (Cizer et al. 2012a, b; Pesce 2014; 
Pesce et al. 2017; Rodriguez-Navarro and Ruiz-Agudo 2018).  
 
- Dissolution of reactants in water: 
 
• Carbon dioxide 
 
𝐶𝑂2(𝑔) ↔ 𝐶𝑂2(𝑎𝑞)                         Eq. 3.1 
 
𝐶𝑂2(𝑎𝑞) +  𝐻2𝑂(𝑙) ↔ 𝐻2𝐶𝑂3(𝑎𝑞)                       Eq. 3.2 
 
𝐻2𝐶𝑂3(𝑎𝑞)  ↔  𝐻𝐶𝑂3(𝑎𝑞)
− + 𝐻(𝑎𝑞)
+                        Eq. 3.3 
 
𝐻𝐶𝑂3(𝑎𝑞)
−  ↔  𝐶𝑂3(𝑎𝑞)
2− + 𝐻(𝑎𝑞)
+                        Eq. 3.4 
 
 
• Calcium hydroxide 
 
𝐶𝑎(𝑂𝐻)2(𝑎𝑞) +  𝐻2𝑂(𝑙) ↔  𝐶𝑎(𝑎𝑞)
2+ + 2(𝑂𝐻)(𝑎𝑞)
− +  𝐻2𝑂(𝑙)                     Eq. 3.5 
 
 
- Reaction of calcium ions and carbonate ions in presence of water: 
 
𝐶𝑎(𝑎𝑞)
2+ +  𝐶𝑂3(𝑎𝑞)
2− + 𝐻2𝑂(𝑙) ↔  𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂(𝑙)                   Eq. 3.6 
 
The reaction in Eq. 3.3 is favored at high pH, which is achieved by the dissolution 
of portlandite. The dissolution and hydrolysis of CO2 is considered a rate 
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controlling step in the overall process: under high pH conditions, the hydration 
of CO2 can also take place at a significantly higher rate via the reaction in Eq. 
3.2a followed by the production of carbonate ions according to Eq. 3.4. 
 
𝐶𝑂2 +  𝑂𝐻
−  ↔  𝐻𝐶𝑂3
−                             Eq. 3.2a 
 
The overall process is usually schematized as follows (Eq. 3.7): 
 
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2  ↔  𝐶𝑎𝐶𝑂3 +  𝐻2𝑂                     Eq. 3.7 
 
Eq. 3.7 shows that one mole of CaCO3 (and one mole of H2O) is produced by one 
mole of Ca(OH)2 and one mole of atmospheric CO2. The new carbonate phase, 
whose molar volume is 12.6% higher than portlandite, will fill pores more 
effectively and will bind the grains producing consolidation (Rodriguez-Navarro 
and Ruiz-Agudo 2018). 
It has been reported that the carbonation process takes place with a rate depending 
on the formation of an interface of water molecules or OH-ions, at the solid 
interface not covered by CaCO3. The reaction rate increases with temperature 
(with a peak at 450°C, after which CaCO3-decomposition is thermodynamically 
favored) and with addition of water vapor (a nine times the rate of dry carbonation 
of Ca(OH)2 is reported) (Nikulshina et al. 2007).  
Another study demonstrated that gas-solid carbonation of calcium hydroxide is 
activated at low temperature (< 30°C) and low CO2 pressure (<1.5 atm) by the 
absorption of free molecular water on the surface of the reacting particles. If 
adsorbed water is absent, a dry route can occur at temperatures higher than 300 °C 
and CO2 pressure lower than 1 atm. The authors hypothesized that the production 
of carbonate around the grains core is owed to the atomic excitation of oxygen 
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atoms, which migrate from the solid towards adsorbed CO2 (Montes-Hernandez 
et al. 2010). 
At room temperature, water is necessary, either in bulk or as an adsorbed film, as 
it allows for the dissolution of reactants (Rodriguez-Navarro et al. 2016b). The 
released H2O during carbonation can subsequently autocatalyze the reaction itself 
until completion, or until the formation of a passivating CaCO3 layer, which 
prevents further carbonation.  
It is generally reported that, at room T, CaCO3 precipitates on the surface of 
portlandite crystals if RH is higher than 30% (Beruto and Botter 2000; Dheilly et 
al. 2002; Yang et al. 2003). Beruto and Botter also concluded that the formation 
of an adsorbed (liquid-like) water film on Ca(OH)2 particles is critical for 
carbonation to progress, and that the process accelerates at RH values > 75%, 
when multilayer water adsorption occurs. The gas-solid reaction is in fact 
considered a gas–liquid–solid reaction. In saturation conditions (RH ≥ 98%) a 
macroscopic film of water over the Ca(OH)2 layer is produced, and carbonation 
is delayed due to Le Chatelier principle (water is a product of the reaction of 
calcium hydroxide and carbon dioxide, besides calcium carbonate). 
The role of RH is crucial in that it affects not only the carbonation rate, but also 
the production yield (fractional conversion of calcium hydroxide into calcium 
carbonate), the calcium carbonate polymorphs selection and ratio, as well as the 
effectiveness of consolidation treatments involving the use of nanolimes on 
porous substrates (Giorgi et al. 2010a). It has to be noted that a total conversion 
of calcium hydroxide (yield = 100%) is achievable in air only at relatively high 
RH, in a time scale of weeks or months, and with strong dependence on other 
factors like temperature, reactants concentrations and surface area. Alcoholic 
dispersions of Ca(OH)2 nanoparticles consisting of thick portlandite particles 
(with thickness measured along {001} basal face ≥ 30 nm, typical value for 
coarse slaked lime putty particles (Ruiz-Agudo and Rodriguez-Navarro 2010)), 
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left in air for two months at RH = 80 % and T= 20°C, were shown to reach 
carbonate yields higher than 40%, while nanolimes consisting of thin (ca. 25 nm) 
portlandite particles can reach yields close to 100% (Rodriguez-Navarro and 
Ruiz-Agudo 2018). Therefore, best consolidating performances can be obtained 
by using Ca(OH)2 particles synthesized limiting crystal growth along basal face, 
for instance by adding alcohols during synthesis, whose chemi- or physi-sorption 
limits the nuclei aggregation, besides enabling high colloidal stabilization of the 
nanoparticles, via hydrophobic interactions (Salvadori and Dei 2001).  
 
Calcium carbonate polymorphs 
An important aspect of the carbonation process is the evolution of the carbonate 
polymorphs (i.e. the transformation of CaCO3 crystal structure), namely: 
amorphous calcium carbonate hydrate (ACC, with a general formula 
CaCO3 · nH2O); three anhydrous crystalline forms, calcite, aragonite and 
vaterite; two crystalline hydrated forms, monohydrate (or monohydrocalcite, 
CaCO3 · H2O) and hexahydrate (ikaite, CaCO3 · 6(H2O)).  
Calcite is the only stable polymorph at 1 atm and T between 0 and 40°C (Pesce 
2014). Depending on RH conditions, amorphous calcium carbonate, 
monohydrocalcite, vaterite and aragonite were reported to form, in different 
amounts, prior to or along with calcite, as metastable precursors phases with 
different stability and crystalline structure (Gomez-Villalba et al. 2011, 2012; 
López-Arce et al. 2011; Rodriguez-Navarro et al. 2013; Baglioni et al. 2014). For 
instance, metastable vaterite consists of polycrystalline spherulites and is more 
soluble than calcite, with possible affects the bond formation with the calcite-
based substrate and the treatment performances. Nevertheless, vaterite is reported 
to produce some effectiveness in consolidating stone (Rodriguez-Navarro et al. 
2013). Moreover, the formation of vaterite can result in positive effects in the 
long-term, as it eventually transforms into stable calcite.  
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Recently, Navarro et al. studied the commercial product Calosil® in ethanol and 
reported that the carbonation in humid air at room T follows the Ostwald’s step 
rule, where amorphous calcium carbonate (ACC) is firstly formed, followed by 
metastable phases (ACC → vaterite → aragonite → calcite) (Rodriguez-Navarro 
et al. 2016b). ACC is the dominant phase during early stages of carbonation, 
accounting for up to 24 wt% of the carbonate phases in the first 24 hours at RH 
= 80 ± 5%. ACC pseudomorphs formation after Ca(OH)2 involves multilayer 
adsorption of water onto the hydroxide crystals, followed by a dissolution-
precipitation mechanism (Beruto and Botter 2000; Rodriguez-Navarro et al. 
2016b). Capillary condensation into the mesoporous structure, formed upon 
drying of the Ca(OH)2 nanoparticles’ dispersions, and the release of water during 
carbonation, favor the ACC formation in the aqueous solution film (where a very 
high  supersaturation is reached during the early stages) (Montes-Hernandez et 
al. 2010; Rodriguez-Navarro et al. 2016b). In addition, these authors observed 
ACC nanoparticles with no spatial connection with the ACC pseudomorphs; thus, 
they suggested that these particles might form through homogeneous nucleation 
in the aqueous solution film (Rodriguez-Navarro et al. 2016b). The authors 
detected vaterite, calcite, and traces of aragonite immediately after ACC 
formation (after 6 hours of carbonation) and observed an increase of vaterite (and 
aragonite) within the first 24 hours followed by a decrease, while calcite 
continuously increased. They concluded the metastable phases form after 
dissolution of ACC and independently transform into the stable phase, as also 
reported by Nielsen et al. (Nielsen et al. 2014). According to Navarro et al., ACC 
grows and transform into vaterite (more abundantly, up to 35%) and aragonite 
(up to 5 wt%), via a dissolution–precipitation process, followed by nonclassical 
nanoparticle-mediated crystal growth. Building units of vaterite presumably form 
via heterogeneous nucleation onto ACC, and then aggregate by mesoscale 
assembly into nearly iso-oriented structures resembling mesocrystals. A solid-
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state ACC-to-vaterite transformation was excluded as no crystalline phases were 
experimentally observed if water was absent. Aragonite spindle-like structures 
likely form after heterogeneous nucleation onto ACC; then aragonite dissolves 
and transforms either into calcite or into large prisms (by Ostwald ripening), and 
its presence is overall scarce. Vaterite also dissolves and reprecipitates as calcite, 
the stable phase. Therefore, calcite can directly nucleate and grow after 
dissolution of ACC/vaterite/aragonite, or nucleate on vaterite/aragonite and grow 
via non-classical particle-mediated aggregation or a classical ion-mediated 
mechanism (Nielsen et al. 2014; De Yoreo et al. 2015; Rodriguez-Navarro et al. 
2016a, b).  
 
The role of alcohol 
Alcohol seems to have no significant effect on ACC formation, but several 
studies demonstrated that organic additives favor the stabilization of vaterite and 
aragonite at room T, probably delaying their dissolution-mediated transformation 
into calcite by surface adsorption (Seo et al. 2005; Zhang et al. 2008; Sand et al. 
2012). 
Chen et al. (Chen et al. 2006) related the observed polymorphism with different 
ethanol/water ratios at high temperature: if ethanol predominates, vaterite with 
traces of aragonite is obtained; if water predominates, pure aragonite is obtained; 
when the ethanol/water ratio is 1:1, aragonite with vaterite traces is obtained.  
Rodriguez-Navarro et. al (Rodriguez-Navarro et al. 2013, 2016c) also observed 
that alcohol, besides providing high colloidal stability to Ca(OH)2 nanoparticles 
dispersions, affects the kinetics of carbonation and CaCO3 polymorph selection. 
According to the authors, the contact of particles with alcohol (e.g. during the 
storage of dispersions) results in the pseudomorphic replacement of Ca(OH)2 by 
calcium alkoxides (i.e. calcium ethoxide or calcium 2-propoxide, if the involved 
alcohols are ethanol or 2-propanol, respectively), as the original hexagonal 
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portlandite platelets maintain their external shape. They observed that alkoxides 
yield depends on reactivity of Ca(OH)2 particles (surface area and lattice defects) 
and contact time with alcohol, and that their formation affects the carbonation 
rate and yield. The authors also reported that the formation of alkoxides in humid 
environments favors the stabilization of metastable vaterite and aragonite, 
probably due to the alcohol molecules released during the alkoxides hydrolysis. 
López-Arce and Gomez-Villalba (López-Arce et al. 2010, 2011) studied the 
product Nanorestore® (calcium hydroxide nanoparticles dispersion in 2-
propanol) and applied it on dolostone, demonstrating the strong influence of RH 
conditions on the carbonation rate and polymorphs ratios. At RH 75-90%, the 
carbonation process is faster, and hydroxide–carbonate conversion is completed 
within 7 days. Water catalyzes the formation of ACC and its quick conversion 
into vaterite, aragonite and/or calcite. Moreover, the authors observed that, at 
high RH, the alcohol evaporation is delayed, leading to a stabilizing effect for 
vaterite and aragonite. They found similar results for CaLoSil® in 2-propanol 
(Gomez-Villalba et al. 2011, 2012). The authors also indicate that changes in the 
water content modify the concentration of the precursor solution and the local 
water/alcohol ratios, affecting the precipitation/dissolution of anhydrous and 
hydrated polymorphs, which is mirrored in crystal growth and lattice parameters. 
  
3.3. Kinetic models 
 
The study of the carbonation kinetics of nanolimes is crucial in view of predicting 
the performances of consolidating interventions.  
Different models have been proposed in the past years to fit the experimental data 
describing the transformation of calcium hydroxide into CaCO3 phases. Some 
authors used deceleratory models with no induction time (Shih et al. 1999; 
Dheilly et al. 2002; Montes-Hernandez et al. 2007, 2010), while it was found that 
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a sigmoidal-type Avrami-Erofeev kinetic model provided a good fitting of the 
carbonation kinetics when the formation of the sole calcite phase is monitored 
(Baglioni et al. 2014).  
Recently, Rodriguez-Navarro et al. highlighted that different results might in fact 
come from overlooking the role of precursor phases (e.g. amorphous calcium 
carbonate and vaterite) (Rodriguez-Navarro et al. 2016b); the authors monitored 
the formation of both amorphous and crystalline CaCO3 phases through thermal 
analysis, and fitted the results to the solid-state deceleratory kinetic models 
summarized in a review by Khawam and Flanagan (Khawam and Flanagan 
2006). Among the different deceleratory models, the best fitting was obtained 
using a first order model (Rodriguez-Navarro et al. 2016b). 
In the present contribution, the carbonation kinetics of four different formulations 
of Ca(OH)2 nanoparticles’ dispersions was investigated, inquiring for the first 
time the applicability to these systems of the mathematical “Boundary Nucleation 
and Growth” model (BNGM), originally developed by Cahn (Cahn 1956), and 
later used by Thomas to describe the hydration of tricalcium silicate (C3S) grains 
(Thomas 2007). The carbonation of Ca(OH)2 nanoparticles is a water-mediated 
process that takes place at the solid-liquid interface (Beruto and Botter 2000; 
Dheilly et al. 2002; Yang et al. 2003; Nikulshina et al. 2007; Rodriguez-Navarro 
et al. 2016b); therefore, the BNGM was evaluated considering that the process is 
expected to preferentially occur via nucleation at the grain boundaries, followed 
by growth along the particles surface, and then outward into the pore space 
between the particles, until the products regions coalesce. Namely, this model 
accounts for the effect of the surface area of the particles on the carbonation 
kinetics.  
After selecting the BNGM based on the aforementioned rationale, a rigorous 
approach was followed, by evaluating separately the contributions of nucleation 
and growth of CaCO3 during the carbonation process. Thus, it was evaluated the 
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possible application of limit cases of the model, where one of the two 
contributions (i.e. either boundary nucleation or growth) prevails over the other. 
The selected four Ca(OH)2 nanoparticles dispersions were chosen as they are an 
inclusive set of widely used standards in the consolidation of carbonate-based 
materials, obtained via different synthetic pathways. The systems exhibit 
different characteristics, such as the used liquid medium (ethanol, 2-propanol), 
and the specific surface area of the particles. The kinetic behavior of the four 
systems was thus compared, calculating the rate constants, the activation energies 
and the linear growth rate of the carbonation process. 
Fourier Transform Infrared Spectroscopy (FTIR) was selected to investigate the 
carbonation process, as it feasibly allowed to monitor over time the 
transformation of calcium hydroxide into both amorphous and crystalline 
calcium carbonate phases  (Andersen and Brečević 1991; Vagenas 2003). The 
hydroxide to carbonate conversion was followed under strictly controlled 
environmental conditions (T, RH, CO2 concentration), evaluating the effect of 
the temperature on the process. Finally, an evaluation of the stable (calcite) and 
metastable (vaterite, aragonite) crystalline CaCO3 phases was given for the 
different systems. 
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Chapter 4 – Materials 
 
 
4.1. Nanocomposite formulations for adobe consolidation  
 
The first step of the research was dedicated to the selection of suitable materials, 
in terms of compatibility (both with the substrate and mutual, in case of 
composite systems), applicability and efficacy. As described in Chapter 2, silica 
nanoparticles, calcium hydroxide nanoparticles, and a cellulose derivative were 
selected for the formulation of a stable and effective dispersion for the 
consolidation of water-sensitive powdery substrate, i.e. adobe, via the in situ 
formation of calcium silicate hydrate (CSH) cementing phases. 
The selected components are described below and showed in Figure 4.1. 
 
Nanosilica 
A nanosilica aqueous dispersion was prepared diluting to 10 g/L the commercial 
product Levasil CS40-213 (Akzo Nobel Chemicals GmbH), i.e. monodisperse 
spheres of amorphous SiO2 (original concentration of 40 wt% in water, 0.2 wt% 
of Na2O as stabilizer), declared particle size of 25 nm, specific surface area of 
130 m2/g, pH 9, hereinafter reported as SiO2. 
 
Nanolime 
An ethanol dispersion of Ca(OH)2 nanoparticles (hereinafter reported as lime) 
produced via solvothermal reaction as reported in the literature (Poggi et al. 2016) 
was used. The synthesis yields hexagonal platelets of portlandite of ca. 100-200 
nm, at a concentration of 35 g/L, which was diluted to 5 g/L. 
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Cellulose derivative 
An ethanol solution of a commercial hydroxypropyl cellulose (or HPC, 
specifically Klucel®-G, 300 mPas, Phase Restauro) was prepared at a 
concentration of 20 g/L (hereinafter reported as HPC. The product has a viscosity 
of 150-450 cP (2 wt% solution, 25 °C) and a molecular weight of 370,000 Da. 
Hydroxypropyl cellulose is a non-ionic cellulose ether, whose structure is 
reported in Figure 4.2. Klucel HPC is manufactured by reacting alkali cellulose 
with propylene oxide at elevated temperatures and pressures. The propylene 
oxide can be substituted on the cellulose through an ether linkage at the three 
reactive hydroxyls present on each anhydroglucose monomer unit of the cellulose 
chain (substitution degree, SD, of 1-3) (Ashland Inc. Klucel). 
 
 
 
Figure 4.1 - Aqueous dispersion of silica nanoparticles, SiO2 component (left); 
ethanol dispersion of calcium hydroxide nanoparticles, lime component 
(center); ethanol solution of hydroxyropyl cellulose, HPC component (right) 
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Figure 4.2 - Structure of hydroxypropyl cellulose 
 
Ethanol (ACS grade) was purchased by Fluka. Water was purified by a Millipore 
Milli-Q UV system (resistivity >18 MΩ cm). 
 
4.2. Study of the carbonation kinetics of nanolimes 
 
Four alcoholic dispersions of Ca(OH)2 nanoparticles were selected as commonly 
used for the consolidation of carbonate-based materials, and representative of two 
of the main synthetic routes commonly adopted for the formulation of Ca(OH)2 
nanoparticles’ dispersions, i.e. the treatment of slaked lime and sol-gel 
solvothermal processes (see Chapter 1).  
The system’s name, solvent, concentration, synthesis procedure, mean particle 
size and specific surface area are summarized in Table 4.1. 
CaLoSiL®E5 and CaLoSiL®IP5 are Ca(OH)2 nanoparticles alcohol dispersions 
(5 g/L) prepared via alkoxide route (Ziegenbalg 2005; Rodriguez-Navarro and 
Ruiz-Agudo 2018) and commercialized by IBZ-Salzchemie GmbH & Co. KG 
(Germany). The systems were labeled as CE and CIP, where the letters E and IP 
indicate that the particles are dispersed respectively in ethanol and 2-propanol. 
The other two investigated nanolimes are Nanorestore Plus® (labeled as LE) and 
Nanorestore® (labeled as LIP). Nanorestore Plus® is a concentrated (35 g/L) 
dispersion in ethanol, obtained by following a solvothermal route starting from 
metallic calcium (Poggi et al. 2014, 2016), which was diluted to 5 g/L and labeled 
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as LE.  Nanorestore® is a dispersion (5 g/L) of Ca(OH)2 nanoparticles prepared 
by treatment of slaked lime (Giorgi et al. 2000b).  
 
 
Table 4.1 - Properties of the four considered Ca(OH)2 alcohol dispersions: 
system name, alcohol, concentration, preparation, particle size and surface area 
 
The particles’ size for the commercial systems CE and CIP is extracted from the 
literature (Technical Leaflet CaLoSiL®); the particles’ size distribution of the LE 
and LIP systems was measured through Dynamic Light Scattering (DLS) 
measurements, as described in the following chapter. The mean particle size of 
the LE system, is ca. 100-200 nm; the LIP system shows a bimodal distribution, 
with primary particles of 300-500 nm and larger aggregates of about 1 µm. 
The specific surface area of nanoparticles was obtained via nitrogen sorption 
porosimetry, as described in the following chapter.  
 
 
 
 
 
SYSTEM 
NAME 
SOLVENT 
CONC. 
(g∙L−1) 
PREPARATION 
PART. SIZE 
(nm) 
SPEC. SURF. 
AREA (m2∙g−1) 
CE ethanol  5 
Solvo-thermal 
process from Ca 
50-250 38 
LE 
ethanol 
  
5 100-200 36 
CIP 2-propanol  5 50-250 38 
LIP 2-propanol  5 
Break-down 
method 
from slaked lime 
300-500 (with few 
micron-sized 
aggregates) 
20 
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Chapter 5 – Analytical Methods 
 
 
5.1 Nanocomposite formulations for adobe consolidation 
 
This paragraph is dedicated to the description of the analytical methods employed 
for the characterization of the composite formulations and for the assessment of 
the consolidation effect produced by treatments of the adobe samples. 
 
5.1.1. Formulations characterization 
 
The formulations were characterized to gain information on the kinetic stability, 
particles size distribution and ζ- potential, morphology and composition on the 
components, and formation of new phases.  
 
5.1.1.1. UV−VIS spectrometry: turbidimetric analysis  
 
The kinetic stability of the dispersions (SiO2, lime, all the binary systems and the 
ternary system) was investigated via turbidimetric analysis, performed with a 
Cary Bio 100 UV−VIS spectrophotometer (Varian). The absorbance at λ = 600 
nm (spectral band width = 1 nm) was recorded at 25 °C as a function of time, at 
regular time intervals, over a total period of 1 month, using sealed quartz cuvettes 
with an optical path of 1 cm. Decreases in the absorbance were ascribed to the 
formation of aggregates and sedimentation. The values reported are the average 
of five measurements.  
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5.1.1.2. pH measurements 
 
The pH of the SiO2 aqueous dispersion was measured using a glass electrode pH-
meter (Crison-Basic20): the reported value is the average of three measurements.  
 
5.1.1.3. Dynamic light scattering (DLS): particle size and ζ- potential 
 
The particle size distribution and ζ-potential were determined using a 90Plus 
Particle Size Analyzer (Brookhaven Instrument Corporation), with incident 659 
nm laser light radiation and collection at 90°. The measurements were recorded 
at 25 °C. For the particle size measurements, the systems were diluted 1:10. The 
values reported are the average of three measurements consisting of 5 runs of 30 
seconds. The refractive index of the liquid medium (ethanol:water blend 4:1) is 
1.36 (Nowakowska 1939; Scott 1946); the presence of the highly diluted 
cellulose derivative dissolved in the blend (Klucel®-G, 0.5 g/L) was not 
considered as relevant for the measurements. For the solid content of the 
dispersions, the average of the indexes of the components (SiO2, Ca(OH)2) was 
used. The CONTIN method was used for fitting the autocorrelation functions, to 
obtain the particle size distributions. The data are intensity-weighted. For the ζ-
potential measurements, the Smoluchowski equation was used for the fitting of 
the autocorrelation function. 
 
5.1.1.4. Transmission electron microscopy (TEM) 
 
The systems were also observed using Transmission Electron Microscopy 
(TEM), with a STEM CM12 Philips electron microscope. The samples were cast 
onto a carbon-coated copper grid sample holder, followed by evaporation of the 
solvent at room temperature.  
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5.1.1.5. Attenuated Total Reflectance Fourier Transform Infrared    
Spectroscopy (ATR-FTIR)  
 
ATR-FTIR was performed using a Thermo Nicolet Nexus 870 spectrometer 
equipped with a liquid nitrogen-cooled Mercury Cadmium Telluride detector, a 
single reflection diamond crystal ATR unit and a Golden Gate diamond cell. The 
spectra were acquired in the 650−4000 cm−1 range with a spectral resolution of 4 
cm−1. The samples were air-dried and grinded prior to measurement. 
 
5.1.1.6. X-ray diffraction (XRD) 
 
XRD was carried out using a D8 Bruker “Da Vinci” diffractometer equipped with 
a primary Ge monochromator using for Cu Kα1 radiation (λ = 1.54 Å) and a Sol-
X solid state detector in Debye-Scherrer geometry (2θ range of 5 - 60°, step size 
of 0.02°, time/step of 0.3 s, voltage of 40 kV and current of 40 mA). The samples 
were air-dried and grinded prior to measurement.  
 
5.1.1.7. Scanning electron microscopy (SEM)  
 
For SEM investigations, the dispersions were deposited on the stab and let dried 
prior to measurement with a field emission gun scanning electron microscope 
(FEG-SEM), ΣIGMA (Carl Zeiss, Germany) with acceleration potential of 
25 kV. 
 
5.1.2. Adobe soil characterization 
 
Before treatment, the adobe soil (Figure 5.1) was characterized by determining 
the grain size distribution, the Atterberg Limits, the carbonate content, and the 
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organic content. XRD measurements were also carried out to investigate the soil 
mineralogical composition. 
 
 
 
Figure 5.1 - Grinding of adobe soil prior to characterization 
 
5.1.2.1. Grain size distribution 
 
The grain size distribution of the adobe soil was characterized according to the 
Standard Test Method for particle-size analysis of soils (ASTM D422-63) and 
the Standard Test Method for particle-size distribution of fine-grained soils using 
sedimentation analysis (ASTM D7928-16).  
 
5.1.2.2. Atterberg Limits 
 
The Atterberg Limits were also obtained (Liquid Limit - BS 1377:1975 and 
Plastic Limit - ASTM D 4318-93), and the Plastic Index was then calculated.  
 
5.1.2.3. Carbonates content and organic content 
 
The carbonates content was determined using a Dietrich-Fruhling calcimeter, and 
the organic content was determined by the C-N-H determination method.  
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5.1.3. Adobe mock-ups characterization 
 
Two months after the treatment, the treated (T) and non-treated (NT) adobe 
specimens were characterized to assess the consolidation efficacy by colorimetric 
analyses, ATR-FTIR, XRD, phenolphtalein test, peeling tape test, abrasion test, 
wet-dry cycles, water sorption measurements, and drilling test.  
 
5.1.3.1. Colorimetric measurements 
 
Colorimetric analyses were performed using an X-Rite SP60 portable 
colorimeter, (D65/10°, 8 mm diameter circular measuring spot), to evaluate the 
possible color changes produced by the application of the formulation. The 
experiment was performed on four areas of three different samples. The color 
difference between the treated and non-treated samples was calculated using the 
formula ∆𝐸∗ = √∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏∗2, where L*, a* and b* are the coordinates 
of the CIE 1976 color space (Figure 5.2). 
 
 
 
Figure 5.2 - CIE 1976 color space 
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5.1.3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) and X-ray diffraction (XRD) 
 
ATR-FTIR, XRD (described above) were used to assess the penetration and 
distribution of the applied product, and to verify the occurrence of consolidation 
reactions within the substrate. 
 
5.1.3.3. Phenolphthalein test 
 
The phenolphthalein test was also used to assess the penetration of the calcium 
hydroxide nanoparticles found in the ternary system, as an indication of the depth 
reached by the whole formulation. The penetration depth is visually measured 
thanks to the intense purple color assumed by phenolphthalein at alkaline pH. A 
0.1% solution of phenolphtalein was sprayed onto the surface of samples right 
after treatment and cross sections of the samples were then cut to visualize the 
penetration depth (Lanzón et al. 2017). 
 
5.1.3.4. Peeling test 
 
The peeling test (or scotch tape test) is a common method used conservation 
practice for the evaluation of the efficacy of consolidating treatments in terms of 
restoration of the surface cohesion properties (Drdacky et al. 2012). The test 
consists in pressing pieces of adhesive tapes of known weight and area on the 
sample surface and peel them off after a few minutes (Figure 5.3). The 
decohesion index, DI (mg/cm2), is the weight of the material loss per unit area, 
and it is inversely proportional to the grains’ cohesion forces. The data reported 
are the average of measurements performed on four areas of the sample, for three 
different samples.The experiment was conducted three times on each area, in 
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order to obtain the decohesion index following the progressive removal of surface 
layers. The total removed mass over the three experiments was also calculated.  
 
       
 
Figure 5.3 - Peeling test (or scotch tape test) 
 
5.1.3.5. Abrasion test 
 
The abrasion test (AFNOR PR XP P13-901 2001; Izemmouren et al. 2015) 
consists in subjecting the sample to mechanical erosion by brushing with a metal 
brush at a constant pressure (3 kg mass on the top center of the brush) for a given 
number of cycles (in this case three cycles, each consisting of 60 rounds of 
brushing in one minute) on the entire length of the specimen (Figure 5.4). The 
abrasion coefficient, Ac (cm2/mg), expresses the ratio of the surface to the 
quantity of the material removed by brushing and is proportional to the abrasive 
strength. The data reported in the graph are the average of tests performed on 
three samples; the total value after the three cycles was also calculated. 
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Figure 5.4 - Abrasion test 
 
5.1.3.6. Wet-dry cycles 
 
Wet-dry cycles were performed to assess the resistance to exposure to harsh 
environment cycles (ASTM D559/D559M 2015; Izemmouren et al. 2015) by 
immersing the samples in distilled water for 5 hours and drying at 60° C for 48h 
(Figure 5.5). Seven cycles were performed, and the weight loss is expressed as 
the percentage of dry mass reduction relative to the original mass, as average of 
the data obtained from two samples. The total value after the seven cycles was 
also calculated. 
 
 
 
Figure 5.5 - Wet/dry cycles 
 
 
 
 
immersion (5h) → oven (48h) 
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5.1.3.7. Water sorption measurements 
 
For the water sorption measurements, the samples were oven-dried at 60 °C to 
constant mass, weighted and put on a porous support in contact with distilled 
water. The water intake is measured indirectly by weighting the samples at 
regular time intervals (Figure 5.6). The capillary water absorption coefficient, Aw 
(mg/cm2 ∙ s1/2), of the treated and untreated samples was obtained using the ‘one 
tangent method’, i.e. calculating the gradient of the straight line obtained by 
plotting the cumulative mass of water absorbed per unit area against the square 
root of time (BS EN 1925 1999; Karagiannis et al. 2016). The experiment was 
repeated twice.  
 
 
 
Figure 5.6 - Water sorption measurements 
 
5.1.3.8. Drilling test 
 
The drilling test (Pamplona et al. 2007) was carried out with a drilling resistance 
measurement system (Sint Technology, Italy), using a 5 mm diameter drill bit 
(maximum depth=10 mm, penetration rate=20 mm/min, revolution speed= 200 
rpm) (Figure 5.7). Each result is the average of three holes produced on two 
different samples. 
 
Chapter 5 
 
 74  
                    
 
Figure 5.7 - Drilling test 
 
5.2. Carbonation kinetics of nanolimes 
 
This paragraph is dedicated to the description of the analytical methods employed 
for the study of the carbonation kinetics of nanolimes. The four commercial 
Ca(OH)2 nanoparticles alcohol dispersions were first characterized via dynamic 
light scattering (DLS) (as described in section 5.1.1.3), and nitrogen sorption 
porosimetry, in order to obtain their specific surface areas, as described below. 
Then a systematic and compared study on their carbonation kinetics was carried 
out in controlled environmental conditions (T°C, RH%, CO2 concentration) by 
means of FTIR spectroscopy (KBr pellet method). 
 
5.2.1. Nitrogen sorption porosimetry 
 
Nitrogen sorption is the most common and accurate method for total surface area 
measurements. Nitrogen sorption porosimetry measurements were performed 
using a Beckman Coulter SA-3100 Surface area analyzer. This gives access to 
the value of the surface area with an error of about 5%. The particle surface area 
of the four selected systems was determined by Brunauer-Emmett-Teller (BET) 
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measurement. The samples were previously dried under N2 flow in order to avoid 
carbonation of portlandite particles. 
 
5.2.2. Experimental procedure 
 
5.2.2.1. Accelerated carbonation 
 
Accelerated carbonation of nanoparticles was performed to study the carbonation 
kinetics of the four Ca(OH)2 alcohol dispersions, in a home-made sealed climatic 
chamber set at RH = 75 (±2) % and T = 14, 22, 30 (±1.5) °C.  
RH and T were controlled using NaCl saturated solutions and a thermostat, and 
continuously monitored using a data logger (Easylog EL-USB-2-LCD, 1 reading 
every 5 minutes). It is known that carbonation rate is fastened at RH ≥ 75% 
(Beruto and Botter 2000); and the temperature range was selected since they are 
representative of standard conditions typically found in case studies where the 
particles’ dispersions are applied (e.g. consolidation of stone and mortars). 
Environmental CO2 concentration in the chamber was 450 ppm, consistently with 
previous studies on the carbonation of Ca(OH)2 (Gomez-Villalba et al. 2011; 
Cizer et al. 2012a). A fan was used to prevent carbon dioxide deposition on the 
bottom of the climatic chamber. 
 
5.2.2.2. Fourier Transform Infrared Spectroscopy (FTIR) 
 
The carbonation of the four Ca(OH)2 alcohol dispersions was investigated via 
Fourier Transform Infrared (FTIR) analysis (Andersen and Brečević 1991; 
Vagenas 2003).  Nanoparticle thin films were cast on KBr pellets and stored 
under controlled relative humidity, temperature and CO2 pressure conditions in 
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the climatic chamber. The decrease of the calcium hydroxide characteristic peak 
(3645 cm-1 OH stretching) was monitored over time (Figure 5.8).  
 
 
Figure 5.8 - FTIR spectra of the system CIP at 14 °C: the decrease of the 
calcium hydroxide characteristic peak (3645 cm-1 OH stretching) was 
monitored over time for the four systems at the three temperatures 
  
Each pellet was prepared using 200 mg of dried KBr. For each measurement, the 
pellet was placed on a pellet holder, and 40 μL of the selected dispersion (4 x 10 
μL) were deposited and dried under N2 flow to ensure complete solvent 
evaporation without triggering the carbonation reaction. The same number of 
KBr pellets were left bare and used as backgrounds.  
A spectrum was acquired on the pellet (t = 0), which was then placed into the 
chamber using the sample holder. At chosen time, the pellet was extracted from 
the chamber and another spectrum was acquired (t = x). As the extraction of the 
pellet and its short permanence in laboratory conditions (23°C, 50% RH) alter 
the carbonation process, each pellet was discarded after the measurement, i.e. 
different pellets were used for inquiring different carbonation times. 
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The FTIR spectra were acquired using a BIO-RAD FTS-40 spectrometer. Each 
sample spectrum was recorded in transmission mode, after collecting the 
background spectrum, which was subtracted afterwards. The spectral range 
investigated was 4000-400 cm-1, acquiring 64 scans for each spectrum, and using 
a delay time of 30 s between the placement of the KBr pellet in the sample holder 
and the acquisition of the spectrum. In the obtained spectra, the transmittance (%) 
is reported as a function of wave number (cm-1). 
 
5.2.2.3. Data elaboration  
 
The Win-Ir software was used to calculate the area of the absorption peak of 
Ca(OH)2 centered at 3645 cm
-1 (OH stretching (Carretti et al. 2013)), using a 
linear baseline. The evolution over time of this peak, during the carbonation 
process, was calculated as follows: 
 
𝛼 =
(𝐴𝑟𝑒𝑎𝑡0 −  𝐴𝑟𝑒𝑎𝑡𝑥)
𝐴𝑟𝑒𝑎𝑡0
 
 
where Areat0 is the area of the peak at t = 0, and Areatx is the area of the peak at 
a generic time t = x, measured for the same KBr pellet, on the same spot. Thus, 
 is defined as the carbonation degree, increasing from 0 to 1 upon completion 
of the carbonation process. 
The software was also used to calculate the area of the characteristic absorption 
bands of calcium carbonate polymorphs. 
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5.2.2.4. Fitting of the experimental curves: Boundary Nucleation and Growth 
Model (BNGM) 
 
The reaction degrees () of the four systems at the three temperatures were 
plotted against time, and the carbonation curves were fitted to the Boundary 
Nucleation and Growth Model (BNGM). 
According to the generalized BNGM, the volume fraction of transformed phase 
originating from nuclei on the same grain boundary, X, can be expressed as 
follows:  
 
𝑋 = 1 − 𝑒𝑥𝑝 [−2𝑂𝑉
𝐵 ∫ (1 − 𝑒𝑥𝑝(−𝑌𝑒))𝑑𝑦]
𝐺𝑡
0
                         Eq. 5.1 
 
Where 𝑂𝑉
𝐵 is the total area of the grain boundaries (randomly distributed in the 
original untransformed volume) per unit volume, G is the linear growth rate, t is 
the time since the start of the transformation; y is the perpendicular distance of a 
plane parallel to the boundary from the transforming boundary (i.e. Gt), Ye is the 
extended area fraction of the intersection between a plane at distance y from the 
boundary and all regions nucleated on the grain boundary. Ye can be 
mathematically described as: 
 
𝑌𝑒 =  
𝜋𝐼𝐵
3
𝐺2𝑡3 [1 −
3𝑦2
𝐺2𝑡2
+
2𝑦3
𝐺3𝑡3
]                        if   𝑡 >  𝑦/𝐺                   Eq. 5.2 
 
𝑌𝑒 =  0                                if   𝑡 <  𝑦/𝐺                   
 
where IB is the nucleation rate per unit area of untransformed boundary.  
The volume of the transformed phase depends on three covariant parameters, G, 
IB, and 𝑂𝑉
𝐵, while only two degrees of freedom exist, named kB and kG, which are 
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defined by Thomas respectively as the rate at which the nucleated boundary area 
transforms, and the rate at which the non-nucleated grains between the 
boundaries transform (i.e. at which the porosities are filled with reaction 
products) (Thomas 2007; Del Buffa et al. 2016). The linear growth rate, G, and 
the nucleation rate IB, are obtained from the rate constants kB and kG, by the 
following relationships: 
 
𝑘𝐵 = (𝐼𝐵𝑂𝑉
𝐵)1/4𝐺3/4                  Eq. 5.3 
 
𝑘𝐺 = 𝑂𝑉
𝐵G                   Eq. 5.4 
 
To achieve a numerically solvable equation, a change of variable from y = Gt to 
z = y/G is performed: 
 
𝑌𝑒 =  
𝜋
3
𝑘𝐵
4
𝑘𝐺
𝑡3 [1 −
3𝑧2
𝑡2
+
2𝑧3
𝑡3
]                                      if   𝑡 >  𝑧                  Eq. 5.5 
 
and hence: 
 
𝑋 = 1 − 𝑒𝑥𝑝 [−2𝑘𝐺 ∫ (1 − 𝑒𝑥𝑝(−𝑌
𝑒))𝑑𝑧]
𝑡
0
                  Eq. 5.6 
 
In this way, the parameters kB and kG are directly accessed by the fitting procedure 
described. The monitoring of the disappearance of hydroxide gives direct access 
to the progress of the carbonation. The reaction degree 𝛼 versus time can be 
directly fitted using the generalized BNGM by explicitly introducing 𝛼 into Eq. 
5.6: 
𝛼𝑡 =  𝛼𝑖 ·  𝛼𝑓 {1 − 𝑒𝑥 𝑝[−2𝑘𝐺 ∫ (1 − 𝑒𝑥𝑝(−𝑌
𝑒))𝑑𝑧]
𝑡
0
}                    Eq. 5.7 
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where 𝛼𝑡 is the fraction of converted calcium hydroxide at time t, and 𝛼𝑖 and 𝛼𝑓 
are the fractions at initial and final time, respectively. The fitting of the time 
evolution of α using Eq. 5.7 and Eq. 5.5 returns the two independent parameters 
kB and kG. The values of the linear growth rate, G, and of the nucleation rate, IB, 
can be then calculated by Eq. 5.3 using kB, kG, and 𝑂𝑉
𝐵. The latter parameter, 𝑂𝑉
𝐵, 
is 76, 72, 76, 40 μm−1 for the systems CE, LE, CIP, LIP respectively, as reported 
in Table 5.1. 𝑂𝑉
𝐵 was obtained dividing the surface area of the dry Ca(OH)2 
powder (see Table 5.1) by the volume occupied by the carbonation products after 
complete carbonation (per gram of reacting hydroxide, 0.5 cm3/g). This value 
was calculated from the stoichiometry of the reaction (see Eq. 5.8), using the 
density of the stable CaCO3 polymorph, calcite, i.e. 2.71 g/cm
3 (which is close to 
the average of the densities of the three crystalline polymorphs). 
The BNGM equations have been solved in Igor Pro, version 6.2. 
 
𝐶𝑎(𝑂𝐻)2 + 𝐶𝑂2  →  𝐶𝑎𝐶𝑂3 + 𝐻2𝑂                Eq. 5.8 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1 - Surface area and calculated 𝑂𝑉
𝐵 of the four considered Ca(OH)2 
alcohol dispersions 
 
 
 
SYSTEM NAME 
SPEC. SURF. 
AREA (m2∙g−1)  
𝐎𝐕
𝐁 
(μm−1) 
CE 38 76 
LE 36 72 
CIP 38 76 
LIP 20 40 
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Chapter 6 – Nanocomposite formulation and 
application on adobe 
 
6.1. Preparation of the composite formulation 
 
The three components - silica nanoparticles, Ca(OH)2 nanoparticles and 
hydroxypropyl cellulose - were combined in various proportions and 
concentrations, to obtain a hydro-alcoholic dispersion with the components in the 
desired amounts, keeping a low water content, in the right balance between the 
need of limit the use of aqueous media on water-sensitive substrates, and the 
necessity of some water content to trigger the alkaline activation of nanosilica 
and form CSH phases. Ethanol was selected as it is an optimal solvent in terms 
of volatility, surface tension, and boiling point, for the application of 
nanoparticles to mortars and stone (Baglioni et al. 2015). 
A first approach involved the use of mesoporous silica nanoparticles (MSNPs), 
as their porous structure could improve the interaction with the cellulose chains 
in the composite system. Particularly, a one-pot synthesis (Gao and Zharov 2014) 
was reproduced to obtain large-pore mesoporous silica nanoparticles using a non-
surfactant template, tannic acid. After dissolution of tannic acid in ethanol, 
ammonium hydroxide was added under vigorous stirring, then the silica 
precursor (TEOS) was added, and the system was kept under stirring for 3 hours. 
The product was purified by centrifugation and calcination. As summarized in 
Figure 6.1, uniform silica nanospheres of ca. 200 nm with interconnected pores 
of 9-11 nm were obtained. The figure shows the synthesis mechanism, a SEM 
and a TEM image of the particles, and the results obtained by porosimetric 
measurements and dynamic light scattering (DLS).  
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Figure 6.1 - Tannic-acid templated large-pore silica nanoparticles (MSNPs), 
synthesized following a literature procedure (Gao and Zharov 2014) and 
characterized by SEM (magnitude of 250kX), TEM, DLS (particle size) and 
nitrogen sorption porosimetry 
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However, no evidence of better performances was observed in respect of non-
porous silica nanoparticles in terms of components interaction and homogeneity 
of distribution within the dispersion; moreover, non-porous silica allowed for the 
use of smaller particles and hence more stable systems, key parameters during 
the application phase. 
Once selected the starting materials, namely non-porous silica nanoparticles 
dispersion (SiO2), calcium hydroxide nanoparticles dispersion (lime), and 
hydroxypropyl cellulose solution (HPC), described in Chapter 4, a series of 
preparations was realized, in order to adjust the solvents ratio and components 
concentrations, and formulate the ternary system to be tested for the 
consolidation of adobe. 
During this phase, preliminary mascroscopic observations of as-prepared 
samples allowed to evaluate the components mutual compatibility, and to tailor 
their proportions for the formulation of the ternary system. For instance, the 
combination of silica nanoparticles and Ca(OH)2 nanoparticles lead to 
flocculation and sedimentation phenomena in short times (hours); instead, the 
addition of hydroxypropyl cellulose in the system allowed for higher stability 
(Figure 6.2). 
 
Figure 6.2 - Dispersion and air-dried drop of (left) a nanosilica-nanolime 
dispersion, showing evident sedimentation and flocculation, and (right) a 
ternary system including nanosilica, nanolime and HPC 
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The selected ternary formulation for application and assessment on adobe mock 
ups (Figure 6.3) is a 4:1 (v/v) ethanol:water dispersion with concentrations of 2.5, 
2.5 and 5 g/L of SiO2, lime and HPC respectively (SiO2 : lime : HPC = 1 : 1 : 2  
wt%), and it will be indicated as SiO2_HPC_lime.  
The binary combinations were also prepared (Figure 6.3), as comparison: two of 
the three components were combined, and the solvent of the missing 
dispersion/solution was added (SiO2_lime, SiO2_HPC and HPC_lime).  
Because the mixing of SiO2 and lime without HPC lead to immediate 
flocculation, the ternary system preparation involved, first, the addition of the 
ethanol solution of hydroxypropyl cellulose to the silica aqueous dispersion, and 
then the ethanol dispersion of Ca(OH)2 nanoparticles was added. The composite 
system was kept under stirring for 6 hours. Table 6.1 shows the composition of 
the selected ternary composite, the binary combinations and the single 
components.  
 
System Medium Concentration (g/L) 
SiO2 lime HPC 
SiO2 H2O 10 - - 
lime EtOH - 5 - 
HPC EtOH - - 20 
SiO2 _lime H2O/EtOH (1:4) 2.5 2.5 - 
SiO2_HPC H2O/EtOH (1:4) 2.5 - 5 
HPC_lime H2O/EtOH (1:4) - 2.5 5 
SiO2_HPC_lime H2O/EtOH (1:4) 2.5 2.5 5 
 
Table 6.1 - Composition of the selected ternary composite, the binary 
combinations and the single components 
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Figure 6.3 - Ternary system SiO
2
_HPC_lime, and binary systems SiO
2
_HPC, 
HPC_lime, SiO
2
_lime (from left to right) 
 
6.2. Treatment of the adobe mock-ups 
 
As target material of the present study, adobe bricks from the Morelos state, 
Mexico, originally prepared using local soil and straw fibers, were used. The 
bricks (5 x 10 x 20 cm3) were cut with an abrasive disc saw into smaller 
specimens (Figure 6.4) with dimensions of 4 x 4 x 2 cm3 and average weight of 
ca. 40 g. 
 
 
 
Figure 6.4 - Adobe mock-ups preparation: cutting 
 
Chapter 6 
 
88 
The treatment of adobe was performed by soaking each specimen with 20 ml of 
ternary formulation (SiO2_HPC_lime). The specimens were placed in a container 
previously filled with the formulation, and kept there until complete absorption 
(ca. 1 day), as shown in Figure 6.5. Then, the specimens were stored under room 
conditions (T = 23°C, RH = 50%) until characterization. As comparison, the 
same treatment was performed using the single components and the binary 
combinations SiO2_HPC and HPC_lime. The treatment with the binary 
SiO2_lime was not performed due to immediate particle flocculation, as above 
mentioned. 
 
 
 
Figure 6.5 - Treatment of adobe mock-ups 
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Chapter 7 – Results and discussion 
 
 
7.1. Formulations characterization 
 
After selecting the three components and preparing the ternary formulation with 
the components dispersed in the desired amount, various techniques were used to 
obtain a characterization of the system to be used for adobe consolidation, in 
terms of stability, particles’ dimensions, components interaction and formation 
of new phases. 
In the following paragraphs the results obtained from the characterization of the 
ternary system (SiO2_HPC_lime), the binary systems (SiO2_HPC, HPC_lime, 
SiO2_lime) and the single components are described.  
 
7.1.1. UV−VIS spectrometry: turbidimetric analysis 
  
After 2 months of storage in closed glass bottle, the ternary system 
SiO2_HPC_lime showed the formation of a gel-like phase (Figure 7.1). A similar 
behavior was observed to occur in shorter times in formulations where the hydro-
alcoholic media is more rich in water, and in the SiO2_lime system (but not in the 
other binary systems or single components in the hydro-alcoholic blend). It was 
hypothesised that the desired formation of a CSH phase occurred, and a more 
detailed characterization was performed, as shown in section 7.1.5-7.1.7. 
Turbidimetric analyses were then performed to gain information on the kinetic 
stability of the dispersions (i.e. SiO2, lime, SiO2_lime, SiO2_HPC, HPC_lime and 
SiO2_HPC_lime) and the results are shown in Figure 7.2.  
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Figure 7.1 - Visual observation of a gel-like phase in the ternary system 
SiO2_HPC_lime after two months from reparation 
 
 
Figure 7.2 - Turbidimetric analyses performed on lime, SiO2, SiO2_HPC, 
HPC_lime, SiO2_lime, and SiO2_HPC_lime, over one month (top); visual 
inspections of the SiO2_HPC_lime system as prepared, and after one month 
from preparation (bottom) 
  Results and discussion 
93 
The small size of the silica nanoparticles makes both SiO2 and SiO2_HPC appear 
transparent, hence no useful information could be obtained from the turbidimetry 
on those systems. However, in both cases no agglomeration or sedimentation of 
the particles was observed macroscopically over months (Figure 7.2).  
Lime has a good turbidimetric stability over 4 weeks, and visual inspection 
showed that the particles dispersion does not settle even after months, confirming 
that nanoparticles of Ca(OH)2 are stably dispersed in short chain alcohols, as 
largely reported in the literature (Poggi et al. 2016). The presence of 
hydroxypropyl cellulose in the dispersion increases its stability (HPC_lime > 
lime). This can be explained considering that HPC increases the system’s 
viscosity, promoting the stability of the dispersed particles, despite the presence 
of larger agglomerates (highlighted by DLS, see below). As expected, for the 
poorly stable SiO2_lime system the absorbance drops from ca. 2 to 0.2 in less 
than one day. 
The absorbance of the ternary system (SiO2_HPC_lime) does not change over 4 
weeks, as expected for systems containing HPC, confirming the stabilizing role 
of Klucel-G in the formulation, which mediates the interaction between the 
silica and the lime through physical interposition of the fibers and by shielding 
the surface charges.  
 
7.1.2. pH measurements 
 
The pH of the SiO2 aqueous dispersion was measured using a glass electrode pH-
meter, after dilution of the original product Levasil CS40-213, and the average 
of three measurements is ca. 7. The other systems are not reported as they are 
found in ethanol or ethanol-water blends. Measurements on the liquid medium of 
the ternary formulation gave values higher than 12. 
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7.1.3. Dynamic light scattering (DLS): particle size and ζ potential 
 
To further investigate the components’ behavior and their mutual interactions, 
the ζ-potential and particle size of the single components (SiO2, lime), of the 
binary systems, and of the ternary system were then analyzed, and the results are 
reported in Table 7.1. The reported values are those of the as prepared samples. 
The CONTIN method was used to fit the autocorrelation functions, and the data 
are intensity-weighted. The mean particle size and relative variance (i.e. ratio of 
variance to the square of the mean, which is a measure of the polydispersity of 
diffusion coefficient, and is often represented as a polydispersity index) are 
reported. The main populations of multimodal distributions are also indicated.  
In the case of SiO2 and lime, the data are in agreement with the literature (Graf et 
al. 2012; Poggi et al. 2014, 2016) and the information provided by producers: the 
silica nanoparticles (monodisperse spheres) exhibit in water a negative ζ-
potential close to -30 mV, indicating a stable colloidal system due to electrostatic 
repulsion, and an average hydrodynamic diameter of 33 nm with a relative 
variance of 0.03.  
The synthesized Ca(OH)2 nanoparticles (hexagonal platelets) in ethanol have a 
positive ζ-potential of ca. 50 mV, consistent with the good stability of the system, 
and a mean particle size of 214 nm (relative variance of 0.16). This in agreement 
with the presence of two main populations centered at ca. 15 and 175 nm. 
According to the literature, the thickness of the platelets is 20-30 nm (Poggi et al. 
2014).  
When the components are in the (4:1) ethanol-water blend, some differences are 
noted in the ζ-potential and size of the particles, with respect to the systems in 
the pure media. Namely, the ζ-potential of silica nanoparticles in the blend 
(SiO2T) has a slightly higher negative value, as expected from the fact that the 
dielectric constant of the dispersing medium (i.e. the blend) is lower than that of 
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water (Åkerlöf 1932; Moriyoshi et al. 1990). The particles’ size is comparable 
with that of SiO2, but the higher relative variance (0.19) indicates the presence of 
some aggregates. In the case of Ca(OH)2 nanoparticles, passing from an ethanol 
dispersion to the blend (limeT), the dielectric constant increases, and a lower 
positive ζ-potential is found. The particles’ size increases, which can be 
explained considering that water molecules are known to bridge the hydroxide 
platelets, leading to the formation of aggregates (Gregory 1987; Baglioni et al. 
2015).  
The system SiO2_lime could not be analyzed by DLS, as the interaction of the 
silica and Ca(OH)2 nanoparticles, whose surface charge is of opposite sign, 
causes the formation of aggregates, and macroscopic phenomena of flocculation 
and sedimentation of the particles, which occur completely within 24 hours from 
the preparation of the binary system.  
The binary systems SiO2_HPC and HPC_lime have low ζ-potentials, conceivably 
related to the presence of hydroxypropyl cellulose. In the literature it is reported 
that surface adsorption of cellulose ethers (HPC; HEC) onto charged particles 
resulted in the decrease of ζ-potential, close to zero (Delgado 2001; Bouville and 
Deville 2014), and reduced the agglomeration of the particles due to the 
formation of a steric barrier. SiO2_HPC shows two different size populations (ca. 
35 and 160 nm), with mean particles’ size of ca. 95 nm and relative variance of 
0.46, which can be explained by the presence of a layer of HPC adsorbed on the 
surface of the silica particles (Berthier et al. 2011). In the case of HPC_lime, two 
population sizes are observed, with mean dimensions of 945 nm and relative 
variance of 0.25.  
The ternary system SiO2_HPC_lime exhibits a ζ-potential close to zero, as 
expected for the aforementioned considerations. The system shows two main 
populations with size of ca. 300 and 1050 nm, with a mean diameter of 941 nm 
and a relative variance of 0.16. This can be explained taking into account the 
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formation of agglomerates of silica and Ca(OH)2 nanoparticles, and the 
adsorption of HPC on the agglomerates.  
It is important to notice that the size of the agglomerates is compatible with the 
reported average pore size of adobe. In fact, adobe bricks have pore size of 
micrometric scale, up to a few mm, with porosity values of 20-40%  (Brown et 
al. 1979; Hamiane et al. 2016). 
 
 
System Medium ζ-potential 
(mV  SD) 
Particle Size 
Mean 
size (nm) 
Rel. 
Var. 
Distribution 
SiO2 H2O  -29  7 33 0.03 Monomodal, narrow 
 
lime EtOH  53  7 214 0.16 Multimodal, main populations at 
ca. 15 and 175 nm 
SiO2T H2O/EtOH (1:4) -43  12 38 0.19 Monomodal, narrow 
 
limeT H2O/EtOH (1:4) 41  3 520 0.81 Monomodal, broad 
 
SiO2 _lime H2O/EtOH (1:4) n/a n/a n/a Formation of micron-sized 
aggregates 
SiO2_HPC H2O/EtOH (1:4) -1  11 95 0.46 Multimodal, main populations at 
ca. 35 and 160 nm 
HPC_lime H2O/EtOH (1:4) -1  8 945 0.25 Multimodal, main populations at 
ca. 130 and 960 
SiO2_HPC_lime H2O/EtOH (1:4) -3  9 941 0.16 Multimodal, main populations at 
ca. 300 and 1050 
 
Table 7.1 - ζ-potential and particle size data of the components and composite 
formulations, obtained by dynamic light scattering measurements 
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7.1.4. Transmission electron microscopy (TEM) 
 
Transmission Electron Microscopy (TEM) was also used to observe the air-dried 
samples. Figure 7.3 (a and b) shows the two nanoparticles dispersions: the silica 
nanoparticles in the SiO2 system have dimensions of  25-35 nm, and the calcium 
hydroxide nanoparticles in the lime system have dimensions ranging from tens to 
a a few hundreds nanometers, consistently with the DLS data. 
The SiO2_lime system (Figure 7.3c) show the presence of spherical particles with 
size ranging from 20 to 100 nm corresponding to the SiO2 component; some of 
the particles are surrounded by sub-spherical formations whose size ranges from 
200 nm up to 1 µm. We hypothesised that such agglomerates (highlighted by 
arrows in Figure 7.3c) might indeed result from the initial interaction of silica 
and lime nanoparticles to possibily form CSH phases. The Ca(OH)2 nanoparticles 
have undergone carbonation during the air-drying carried out prior to TEM 
analysis, hence the reaction between SiO2 and Ca(OH)2 might have been here 
arrested at early stages. 
TEM observations of the SiO2_HPC system (Figure 7.3d) show the presence of 
nanospheres of about 30 nm, which stack into chains or groups of 200-400 nm, 
in fair agreement with DLS data. The formation of bigger clusters (500 nm) of 
particles can be explained considering that the nanoparticles cluster during air-
drying prior to TEM analysis. 
Consistently with DLS, TEM analysis of the HPC_lime (Figure 7.3e) shows the 
presence of spherical sub-micron sized objects, which in some cases are 
neighboured by spherical or fibrous clusters. Moreover, the presence of some 
hexagonal or cubic shaped objects (ca.1 µm) suggests that carbonation of 
Ca(OH)2 took place during air drying of the samples.  
Figure 7.3 f, g shows nearly spherical or elongated agglomerates of about 1 µm, 
formed by the interaction of nanoparticles (less than 100 nm) and fibrous 
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structures, in the ternary system SiO2_HPC_lime. The interaction results in 
tightly agglomerated structures, as opposed to those observed in the TEM 
analysis of the SiO2_lime system.  
 
 
 
Figure 7.3 - TEM images of: (a) the silica nanoparticles (SiO2), (b) the Ca(OH)2 
nanoparticles (lime), (c) the binary sistem SiO2_lime, (d) the binary sistem 
SiO2_HPC, (e) the binary sistem HPC_lime, and (f, g) the ternary system 
(SiO2_HPC_lime) 
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7.1.5. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR-FTIR)  
 
In order to gain information on the interaction between Ca(OH)2 and silica 
nanoparticles, namely on the formation of CSH phases, ATR-FTIR and XRD 
analyses were performed on the ternary system SiO2_HPC_lime. 
ATR-FTIR analyses were performed on the formulation as prepared, and after 6 
days, 9 days and 2 months from preparation (Figure 7.4), on air-dried and grinded 
samples. 
 
 
 
Figure 7.4 – ATR-FTIR spectra of air-dried ternary system SiO2_HPC_lime as 
prepared (“asp”), and 6 days, 9 days and two months after preparation 
 
The broad band centered at 3400 cm-1 and a small band at 1650 cm−1, which are 
present in all the FTIR spectra of SiO2_HPC_lime, are assigned to the stretching 
and bending of the hydroxyl groups of HPC, residual -OH groups in silica, and 
adsorbed water.  
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The characteristic peak around 3650 cm-1 (OH stretching) indicates the presence 
of calcium hydroxide. The latter is partially converted into calcium carbonate 
through reaction with atmospheric CO2, during air-drying of the sample 
(Rodriguez-Navarro et al. 2013; Poggi et al. 2016; Samanta et al. 2016), as 
indicated by the presence of bands at 1400-1500 (ν3 asymmetric CO3 stretching), 
876 (ν2 asymmetric CO3 bending), and 713 cm-1 (ν4 symmetric CO3 bending) 
(Plav et al. 1999; Gunasekaran et al. 2006), which are present in the spectra 
collected on the as-prepared formulation and after 6 and 9 days from preparation. 
Calcium hydroxide and also calcium carbonate signals are absent in the spectrum 
collected after two months from preparation.  
The bands between 2970 and 2870 cm-1 (C–H stretching) in the four spectra can 
be ascribed to HPC. Bands between 1460-1270 cm-1 (C=C stretching) are also 
ascribable to HPC; while the band of HPC at 1075 cm-1 (C–O stretching) 
(Sudarsan Reddy, K., Prabhakar, M.N., Madhusudana Rao, K., Suhasini et al. 
2013; Eguchi et al. 2017) overlaps with the absorption of silica at 1050 cm-1 
(internal Si-O-Si asymmetric stretching), that also displays a band at 800 cm-1 
(Si-O-Si symmetric stretching). The shoulder at 950 cm-1 is assigned to Si-O 
stretching of surface Si-OH groups (Marzouqa et al. 2012; Premaratne et al. 
2013).  
Interestingly, the spectra of SiO2_HPC_lime collected after 9 days and, more 
evidently, after two months from preparation, show a marked increase of the band 
at 950 cm-1 and a correspondent decrease of the band at 1050 cm-1, indicating the 
breakage of Si-O-Si bonds and the formation of silanol groups. The phenomenon 
was also observed in the binary system SiO2_lime. This suggests the 
depolymerization of silica occurred, which is reported as finger-printing of 
calcium silicate hydrate (CSH) formation (Baltakys et al. 2007; Lin et al. 2010; 
Grangeon et al. 2016). Indeed, it is reported that the hydration reaction between 
Ca(OH)2 and silica in water (Eq 7.1 and Figure 7.5a) starts with the dissolution 
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of Ca(OH)2 (Figure 7.5b) followed by the breaking of the Si-O-Si covalent bonds 
by the released OH groups (Eq 7.2 and Figure 7.5c); then the Ca2+ ions bridge 
the depolymerized silica, forming the basic units of CSH (Eq 7.3 and Figure 7.5d) 
(Lin et al. 2011).  
 
𝑥𝐶𝑎(𝑂𝐻)2 +  𝑥𝑆𝑖𝑂2 + 𝑧𝐻2𝑂 →  𝑥𝐶𝑎𝑂𝑆𝑖𝑂2 ∙ (𝑥 + 𝑧)𝐻2𝑂(𝐶𝑆𝐻𝑔𝑒𝑙)      Eq. 7.1 
 
 
≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡  + 𝑂𝐻− → ≡ 𝑆𝑖 − 𝑂− + 𝐻𝑂 − 𝑆𝑖 ≡                             Eq. 7.2 
 
≡ 𝑆𝑖 − 𝑂− + 𝐻𝑂 − 𝑆𝑖 ≡ +𝐶𝑎2+ + 𝑂𝐻− →  
≡ 𝑆𝑖 − 𝑂 − 𝐶𝑎 − 𝑂 − 𝑆𝑖 ≡ + 𝐻2𝑂                     Eq. 7.3 
 
 
 
Figure 7.5 - Schematic illustration of the reaction between silica and calcium 
hydroxide in water  
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After two months, the absence of calcium hydroxide and carbonate bands in the 
spectrum indicates the complete reaction of calcium hydroxide and silica 
nanoparticles.  
 
7.1.6. X-ray diffraction (XRD) 
 
XRD analysis was carried on the ternary system as prepared, and two months 
after preparation (Figure 7.6).  
 
 
Figure 7.6 - XRD patterns of air-dried ternary system SiO2_HPC_lime as-
prepared (grey line) and two months after preparation (black line) 
 
In the case of SiO2_HPC_lime dried as-prepared (grey line), the peaks of calcium 
hydroxide (CH) and calcium carbonate (CC) are observed, along with a broad 
band centered around 20°, ascribable to the co-presence of amorphous silica 
(reported at 22° in the literature (Premaratne et al. 2013)) and HPC (band at 17° 
(Sudarsan Reddy, K., Prabhakar, M.N., Madhusudana Rao, K., Suhasini et al. 
2013)). In SiO2_HPC_lime dried two months after preparation (black line), three 
peaks are observed at 29.5°, 32° and 50°, indicating the formation of CSH 
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(Baltakys et al. 2007; Grangeon et al. 2013a, b); the broad band at 20° is 
ascribable to HPC or  unreacted silica. 
Basal peaks at less than 10° are reported in the literature for the calcium silicate 
hydrate mineral tobermorite, but their intensity can vary depending on the type 
of CSH phase, up to being barely or not observable (Wang et al. 2014; Guo et al. 
2017). 
 
7.1.7. Scanning electron microscopy coupled with energy dispersive X-ray 
spectroscopy (SEM) 
 
SEM images of the SiO2 and lime components are reported in Figure 7.7.  
 
      
 
Figure 7.7 - SEM images of the air-dried single components SiO2 and lime, 
(secondary electron images with magnitude of a) 69kX and b) 88kX) 
 
The SEM investigation of the ternary system after two months from preparation, 
showed the presence of a homogeneous porous network of crumpled foils (Figure 
7.8), a morphology typically produced by the formation of CSH from the alkaline 
activation of nanosilica (Lin et al. 2010; Tajuelo Rodriguez et al. 2015). The EDX 
analysis confirmed that calcium and silicon are homogeneously distributed across 
the foiled substrate.      
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Figure 7.8 - SEM images of the ternary system SiO2_HPC_lime, air-dried after 
two months from preparation (secondary electron images with magnitude of a) 
21kX and b) 87Kx) 
 
Overall, the compared analysis performed on the composite systems and single 
components, highlighted that the reaction of silica nanoparticles and calcium 
hydroxide in the presence of water leads to the desired formation of CSH in the 
ternary system (after ca. 1 week from the preparation). Therefore, it was 
hypothesize that this formulation could provide mechanical strengthening when 
applied onto the adobe samples.  
After soil characterization, the ternary formulation was applied onto adobe mock-
ups and the consolidating power was assessed by characterization of untreated 
and treated samples, as described below. 
 
7.2. Adobe soil characterization 
 
Before treatment, the soil of the adobe bricks was characterized, and the results 
are shown in Table 7.2. Figure 7.9 shows the grain size distribution of the adobe 
soil obtained by granulometric analysis. The soil was classified as silty sand 
(SM), according to the Unified Soil Classification System (USCS). The low clay 
percentage explains the poor mechanical properties of the samples, as expected 
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considering that the bricks were prepared using local soil from the construction 
area (Morelos region, Mexico), which has a high content of sand. The XRD 
analysis of the soil revealed a composition consisting predominantly of 
plagioclases (albite-anorthite) and, to a lesser extent, quartz and mica. Straw 
fibers were found included in the bricks. The organic content of the soil was 
found to be ca. 0.3%, and the carbonates content ca. 0.5%. 
 
 
Table 7.2 - Granulometric characterization of the soil, Atterberg limits (Liquid 
Limit, LL; Plastic Limit, PL; Plasticity Index, PI), organic content and 
carbonate content 
 
 
 
Figure 7.9 - Grain size distribution of the adobe soil 
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7.3. Adobe mock-ups characterization  
 
7.3.1. Colorimetric measurements 
 
Visual observations of the samples, up to two months after the treatment, did not 
highlight significant color variations produced by the application of the 
formulation SiO2_HPC_lime, as compared to the non-treated samples (see Figure 
7.15 in section 7.3.3). Colorimetry measurements were then performed, and the 
analyses showed an average color difference E* of 2.5  0.5, which is within 
the threshold generally adopted for the treatment of works of art, i.e. ∆E*= 3 
(Berns and Reiman 2002). 
 
7.3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) and X-ray diffraction (XRD) and phenolphthalein test 
 
The phenolphtalein test was used to assess the penetration of the calcium 
hydroxide nanoparticles found in the ternary system, as an indication of the depth 
reached by the whole formulation. The penetration depth is visually measured 
thanks to the intense purple color assumed by phenolphthalein at alkaline pH. A 
0.1% solution of phenolphtalein was sprayed onto the surface of samples right 
after treatment. Cross sections of the samples were then cut, and a penetration of 
3 mm was observed, which is consistent with that of nanolimes used elsewhere 
for the consolidation of stucco and adobe (Lanzón et al. 2017). The penetration 
depth can be affected by several factors including the type of dispersing solvent 
and the environmental conditions during the treatment, and both backmigration 
and aggregation of the particles have been discussed as possible issues limiting 
the penetration (Croveri et al. 2004; Dei and Salvadori 2006; Ziegenbalg 2008; 
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D’Armada and Hirst 2012; Daehne and Herm 2013; Natali et al. 2014). While 
enhancing the penetration of consolidant particles remains an open topic in stone 
conservation, it must be noticed that adobe bricks are mainly affected by 
environmental erosion of the exposed surface, leading to powdering and loss of 
grains cohesion; thus, the protection of the outer layers up to some mm from the 
surface was deemed as an acceptable result at this preliminary stage. 
FTIR analyses were carried out on the treated samples at different depths from 
the surface, two months after treatment. Figure 7.10 shows the spectrum of a non-
treated samples (grey line) and a treated sample (black line), that show similar 
profile, except for the bands at about 1500-1300 cm-1, ascribable to HPC or 
calcium carbonate, and the small carbonate peak at 876 cm-1. The characteristic 
peak of calcium hydroxide at ca. 3645 cm-1 is not detected in the treated adobe, 
suggesting that the hydroxide had completely reacted, possibly through 
formation of CSH and carbonation. However, owing to the intense bands of the 
silica originally found in the adobe samples, it was not possible to observe an 
intensity inversion between the band at 950 cm-1 (Si-O stretching of surface Si-
OH groups) and that at 1050 cm-1 (stretching of Si-O-Si bonds), previously 
ascribed to the depolymerization of the nanosilica particles in SiO2_HPC_lime 
and the formation of CSH.  
 
 
Figure 7.10 - FTIR pattern of untreated (NT, grey line)  
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and treated adobe (T, black line) 
Instead, the XRD pattern of powders collected from the treated adobe samples 
up to 3 mm from the surface, showed peaks at 31.5°, 33.7° and 50.1° (Figure 
7.11).  
 
 
Figure 7.11 - XRD pattern of untreated (NT, grey line) and treated adobe (T, 
black line); the insets (31-34° and 48-52°) highlight the peaks at 31.5°, 33.7° 
and 50.1° found in the patterns of the treated adobe samples, which were 
assigned to CSH phases 
 
Interestingly, these peaks exhibit a slight shift to higher angles, and are more 
resolved, as compared to those observed when CSH is formed in the ternary 
formulation (see Figure 7.6), which might suggest the formation of different 
calcium silicate hydrate phases, when the process takes place within the pores of 
the adobe samples. According to the literature, the calcium silicate hydrate 
minerals tobermorite (Ca5Si6O16(OH)2 · 4H2O) and jennite 
(Ca9Si6O18(OH)6 · 8H2O) show diffraction patterns with maxima in the 28.8-
33.2° region and at 50.7°, with sharper or broader peaks depending on the degree 
of order of the phases and the size of the crystallites in the layer plane (Grangeon 
et al. 2013b). It must be noticed that when the formulation sets in the pores of 
adobe, the original silica component of adobe is present along with the SiO2 
nanoparticles, and a lower Ca/Si ratio is present than when CSH formation takes 
  Results and discussion 
109 
place entirely in the formulation environment, which might play a role in the 
formation of CSH phases with different characteristics.  
The reaction between SiO2 and Ca(OH)2 nanoparticles is known to depend on 
several factors, including the phase composition and size of the silica 
nanoparticles, the Ca(OH)2 content, and the liquid to powder (L/P) ratio of the 
system (Lin et al. 2011). A key factor is the reactivity of the nanosilica with 
Ca(OH)2, which is expected to be enhanced when the hydroxide particles have 
high surface area. In the presence of water, the SiO2 nanoparticles come in 
contact with a saturated Ca(OH)2 solution, which acts as an activator for the 
breakage of the Si-O-Si bonds, followed by the formation of the cementing phase. 
It has been shown that when the L/P is 1 mL/g, and for a Ca/Si ratio of 3 (using 
nanosilica and micron-sized lime particles), the setting of CSH takes place 
between 1 and 2 hours from activation (Lin et al. 2011). In our case, the ternary 
system was applied on the adobe samples 6 days after its preparation: the samples 
were soaked in the system for 1 day, and then left curing at room conditions (T 
= 23°C, RH = 50%). Drying of the samples took 2 more days. The permanence 
time of the formulation within the pores of adobe seemed to be enough to allow 
the formation of some CSH phases. HPC is expected to regulate water release, 
promoting CSH formation; in fact, water proton nuclear magnetic resonance 
relaxation experiments showed that cellulosic additives interact with water, 
determining its availability in the cement hydration process. It was found that 
cellulosic polymers delay the setting process while, on the other hand, they 
enhance the hydration efficiency. This was explained considering the hydrophilic 
character of the cellulose derivative, which is able to bind water, adsorb on 
silicate grains, and then distribute water homogeneously over the solid phase 
(Ridi et al. 2011, 2013; Del Buffa et al. 2016). The presence of the cellulosic 
polymers affects both the nucleation and growth rates of the hydrated phases; 
namely, the nucleation rate is reduced (even though the energy threshold to form 
Chapter 7 
110 
CSH nuclei remains unaltered), while the growth rate increases in the presence 
of the polymers (the energy threshold to start the growth of the nuclei is 
lowered)(Ridi et al. 2013). 
 
7.3.3. Physico-mechanical tests 
 
The Table 7.3 shows the result obtained with the peeling test, abrasion test, 
wet/dry cycles, capillary sorption measurements and drilling test on non-treated 
adobe (NT) and adobe treated with the ternary formulation SiO2_HPC_lime (T). 
 
 
Total 
decohesion 
index  
after 3 peels 
(mg/cm2) 
Total 
abrasion 
coefficient 
after 3 cycles 
(cm2/g) 
Total weight 
loss 
after 7 
wet/dry 
cycles (%) 
Capillary 
sorption 
coefficient 
(mg/cm2 ∙ 
s1/2) 
Drilling 
resistance 
(N) 
Adobe_NT 
 
3.1   0.6 67  3 4.41  0.12 18.4  0.2 0.88  0.31 
Adobe_T 
SiO2_lime_HPC 
1.2  0.2 215  7 0.74  0.04 18.9  0.4 1.07  0.28 
 
Table 7.3 - Characterization of adobe samples, untreated (NT), and treated with 
SiO2_HPC_lime (T) 
 
The peeling test or scotch tape test showed a remarkable decrease of the 
decohesion index for the adobe samples treated with SiO2_HPC_lime. The 
positive effect was observed even when the peeling was repeated on the same 
portion of the sample’s surface, up to three times. The average values of each of 
the three peeling cycles are shown in Figure 7.12; the total values after the three 
cycles are reported in Table 7.3.  
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Further proof of the consolidation effect was obtained with abrasion tests and 
wet/dry cycles, performed to check the response of the treated samples to harsh 
environmental conditions (wind and water erosion). The values reported in Table 
7.3 and Figure 7.13 show a higher abrasion coefficient for the samples treated 
with SiO2_HPC_lime, indicating an improved resistance to abrasion. The average 
values of each cycle, obtained from tests on three different samples, are shown 
in the graph; the total values after the three cycles are reported in the table.  
 
 
Figure 7.12 - Decohesion index (obtained with the scotch tape test) of adobe 
samples, untreated (NT), and treated with SiO2_HPC_lime (T) 
 
 
Figure 7.13 - Abrasion coefficient of adobe samples, untreated (NT), and 
treated with SiO2_HPC_lime (T) 
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The average weight losses of untreated and treated samples caused by wet/dry 
cycles are shown in Figure 7.14 , and the total weight loss after the seven cycles 
is reported in Table 7.3. The results indicate that the application of the 
SiO2_HPC_lime system resulted in a decrease of mass loss upon repeated 
immersions in water, indicating that consolidation took place. The capillary 
sorption coefficient obtained from water sorption measurements did not 
significantly change following the treatment of the samples (see Table 7.3), 
indicating that the internal porosity of adobe was not dramatically altered or 
blocked. Lastly, drilling resistance measurements showed only a slight increase 
of the resistance for the treated samples (see Table 7.3).  
 
 
Figure 7.14 - Weight loss of adobe samples, untreated (NT), and treated with 
SiO2_HPC_lime (T), during wet/dry cycles (top); the adobe after the seventh 
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wet/dry cycle: the untreated samples lost a significant amount of material, as 
opposed to those treated with the SiO2_HPC_lime formulation (bottom) 
 
It is important to notice that scotch tape test, abrasion test and wet/dry cycles 
revealed that some consolidation was obtained also applying only HPC (system 
HPCT) or the two binary systems containing HPC (HPC_lime and SiO2_HPC 
system), as reported in Table 7.4, while the application of only SiO2 and lime 
(system SiO2T and limeT), did not produce any significant consolidation effect. 
The system SiO2_lime is not applicable, as the two components flocculate in short 
times when combined without HPC.  
Namely, treatment with HPCT, HPC_lime and SiO2_HPC produced respectively 
total decohesion indexes of 1.9  0.3, 1.9  0.3 and 1.8  0.3 mg/cm2,  and total 
abrasion coefficients of 152  5, 137  6 and 145  5 cm2/g. Besides, treatment 
with HPCT produced a total weight loss after 7 wet/dry cycles of 2.02  0.05 %. 
Moreover, in these cases, colorimetric analyses highlighted values of E* higher 
then 3 (generally adopted threshold for the treatment of works of art), as 
reported in Table 7.4 and showed in Figure 7.15. 
 
 
Color Change 
ΔE* 
(in respect of NT) 
Total decohesion 
index after 3 peels 
(mg/cm2) 
Total abrasion 
coefficient after 3 
cycles (cm2/g) 
Total weight loss 
after 7 wet/dry 
cycles (%) 
Adobe_NT  3.1   0.6 67  3 4.41  0.12 
Adobe_T 
SiO2_lime_HPC 
2.5 ± 0.5 1.2  0.2 215  7 0.74  0.04 
Adobe_T 
SiO2_HPC 
5 ± 1 1.8  0.3 145  5 NM 
Adobe_T 
HPC_lime 
13 ± 3 1.9  0.3 137  6 NM 
Adobe_T 
HPCT 
4 ± 1 1.9  0.3 152  5 2.02  0.05 
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Table 7.4 - Characterization of adobe samples, untreated (NT), and treated (T) 
with SiO2_HPC_lime, SiO2_HPC, HPC_lime, and HPCT. (NM = not measured) 
 
Figure 7.15 - Visual observations of the adobe samples  
 
Therefore, it was concluded that the presence of hydroxypropyl cellulose led to 
some increase in surface cohesion, but further resistance was obtained by the 
application of the ternary system, without producing significant color variations, 
confirming the importance of combining the three components. 
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Chapter 8 – Results and discussion: carbonation 
kinetics of nanolimes 
  
 
8.1. Study of the carbonation kinetics of nanolimes 
 
Four alcoholic dispersions of Ca(OH)2 nanoparticles were selected as widely 
used standards for stone consolidation, and their carbonation kinetics was 
investigated as a function of temperature, under strictly controlled environmental 
conditions. FTIR spectroscopy was used to monitor the decrease of calcium 
hydroxide characteristic peak (3645 cm-1 OH stretching) over time, and follow 
the calcium carbonate polymorphs evolution. 
In the following paragraphs the applicability of the Boundary Nucleation and 
Growth Model to the carbonation kinetics of Ca(OH)2 nanoparticles in air is 
discussed, and a description of the amorphous and crystalline carbonate phases 
is provided. 
 
8.1.1. Generalized Boundary Nucleation and Growth Model 
 
In order to select a kinetic model to describe the transformation of calcium 
hydroxide into calcium carbonate, we considered that the formation of ACC in 
the aqueous film reasonably occurs along the surface of the Ca(OH)2 
nanoparticles (at the solid-liquid interface); the products eventually cover the 
surface and fill the mesoporous structure formed by the particles’ aggregation 
after alcohol evaporation. Overall, the process can be considered analogous to a 
phase transformation in a polycrystalline solid where nucleation occurs 
preferentially at the grain (particle) boundaries. Therefore, the generalized 
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Boundary Nucleation and Growth Model (BNGM) (Cahn 1956; Christian 2002) 
was adopted to describe the process kinetics. Previously, Thomas successfully 
applied this to the hydration kinetics of tricalcium silicate (C3S), i.e. another 
process that involves dissolution-precipitation and the formation of hydration 
products on the surface of the C3S particles, via boundary nucleation and growth 
(Taylor 1997; Garrault et al. 2006; Thomas 2007). Based on these considerations, 
a rigorous approach was followed, by first verifying the applicability of the 
generalized BNGM to describe the carbonation of the Ca(OH)2 nanoparticles’ 
dispersions: this enabled us evaluating the relevance of the single processes 
(nucleation, growth) on the overall kinetics; based on that, we could finally 
provide the best fit of the curves taking advantage of a “limiting case” of the 
BNG model. As described in Chapter 5, the reaction degree 𝛼 versus time can be 
directly fitted using the generalized BNGM by using Eq. 8.1: 
 
𝛼𝑡 =  𝛼𝑖 ·  𝛼𝑓 {1 − 𝑒𝑥 𝑝[−2𝑘𝐺 ∫ (1 − 𝑒𝑥𝑝(−𝑌
𝑒))𝑑𝑧]
𝑡
0
}                   Eq. 8.1 
 
Figure 8.1 shows a fitting obtained with the generalized BNGM (CE at 22˚C). 
 
Figure 8.1 - Fitting of the carbonation curve of the CE system at 22°C, using 
the generalized BNGM 
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The fitting directly yields the two rate constants kB and kG, i.e. the rate at which 
the nucleated boundary area transforms, and the rate at which the porosities are 
filled with carbonation products (Thomas 2007; Del Buffa et al. 2016). Table 8.1 
summarizes the values of kB and kG for CE, LE, CIP and LIP, at the three 
temperatures. 
It is worth noting, though, that in many cases the fitting does not converge unless 
the kB value is constrained (these cases are highlighted with a star in Table 8.1). 
In such cases we chose to constrain the kB value to the minimum necessary to 
make the fitting converge. These can be considered as the lowest possible 
estimations of kB. Nevertheless, kB is always higher than kG, indicating that 
nucleation proceeds at a faster pace with respect to growth. 
 
 
 
*These values could be obtained only by constraining the kB values to the 
minimum necessary to make the fitting converge 
 
Table 8.1 - Rate constants (kB [h
-1] and kG [h
-1]) of the four systems at the three 
temperatures, directly obtained by fitting the experimental data to the 
generalized BNGM 
 
 
SYSTEM 
NAME 
14ºC 22ºC 30ºC 
kB kG kB kG kB kG 
CE 0.66 ± 0.07 0.27 ± 0.03 1.58* ± 0.14 0.73 ±0.11 2.75 ± 0.45 0.74 ± 0.07 
LE 0.96* ± 0.19  0.28 ± 0.03 1.4* ± 0.16 0.5 ± 0.04 1.46 ± 0.13 0.60 ± 0.07 
CIP 0.90* ± 0.16 0.22 ± 0.03 1.66 ± 0.55 0.32 ± 0.03 2.10* ± 0.20 0.84 ± 0.09 
LIP 0.74* ± 0.26 0.12 ± 0.01 1.05 ± 0.48 0.13 ± 0.01 1.55 ± 0.26 0.35 ± 0.03 
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The linear growth rate, G, and the nucleation rate IB, can be calculated from kB 
and kG, using Eq. 8.2 and 8.3.  
 
𝑘𝐵 = (𝐼𝐵𝑂𝑉
𝐵)1/4𝐺3/4                  Eq. 8.2 
 
𝑘𝐺 = 𝑂𝑉
𝐵G                   Eq. 8.3 
 
The obtained IB/G ratios are very large for all the considered systems and 
temperatures (e.g. ratios ranging from 104 to 107 µm-1 h-2). According to Thomas, 
this indicates that the boundary regions are densely populated with nuclei, and 
transform completely early in the process. This means that the transformation 
does not depend on the nucleation rate, and mostly occurs by the subsequent 
thickening of slab-like regions of transformed product centered on the original 
boundaries (Thomas 2007). Under these conditions, a limiting case equation (Eq. 
8.4) is used to describe the process kinetics, where the transformation rate 
decreases exponentially with time (Cahn 1956): 
 
𝑋 = 1 − exp[−2𝑘𝐺𝑡]                            Eq. 8.4 
 
 
8.1.2. Limiting case Boundary Nucleation and Growth Model 
 
Therefore, the carbonation curves were fitted using Eq. 8.4.  
Figure 8.2 shows a comparison between the generalized BNGM (A) and the 
BNGM limiting case (B) applied on CE system at 22°C.  
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Figure 8.2 - Fitting of the carbonation curve of the CE system at 22°C, using 
(A) the generalized BNGM and (B) the limiting case BNGM. The insets 
highlight the different shape of the curves at the beginning of the kinetics (first 
3 hours) 
 
Indeed, the use of the BNGM limiting case allows for a good fitting of the data 
without using narrow constraints, differently from the application of the 
generalized model. As clearly shown in Figure 8.2 B, the fitting curve is 
exponential (independent on kB), rather than sigmoidal (Figure 8.2 A). The 
demonstration provided here, i.e. that the kinetics is independent on the 
nucleation rate, corroborates and integrates the findings of other authors that 
employed either first order (Rodriguez-Navarro et al. 2016b) or pseudo-seond 
order (Montes-Hernandez et al. 2007, 2010; Rodriguez-Navarro et al. 2016b) 
deceleratory models to describe the carbonation kinetics of Ca(OH)2 particles of 
different size (nano an sub-micro), in different environmental conditions. It must 
be noticed that none of these previous models addressed specifically the role of 
boundary nucleation and growth; namely, no values for the growth constant rate 
were provided in those works. 
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Fitting the curves under the limiting case BNGM directly yields the kG values, 
which are reported in Table 8.2. The table also includes the G values (calculated 
from Eq. 4), and the ending time (tf) of the Ca(OH)2 transformation, i.e. when the 
absorption peak of Ca(OH)2 centered at 3645 cm
-1 (OH stretching) is no longer 
observable in the FTIR spectra of the nanoparticles’ films. 
 
 
Table 8.2 - Parameters extracted from the limiting case BNGM fitting of the 
CE, LE, CIP, and LIP systems at the three considered temperatures (ending 
time (tf) of the Ca(OH)2 transformation, rate constant (kG [h
-1]), and calculated 
linear growth rate (G [nm∙h-1])), and from the Arrhenius plots for the four 
systems (activation energy, Ea [kJ∙mol-1], and R2) 
 
As expected, for each system the conversion of Ca(OH)2 nanoparticles into 
CaCO3 is faster (i.e. higher kG values) at higher temperatures. A representative 
example is shown in Figure 8.3, where the fitted carbonation curves of LIP 
display a higher slope passing from 14 to 22 and 30˚C (Figure 8.3 A-C).  
Besides, increasing the temperature, the curves reach earlier the asymptotic 
plateau. At all temperatures, LIP exhibits kG values lower than the other systems, 
and roughly double tf values (see Table 8.3 and Figure 8.4). This was explained 
considering that the Ca(OH)2 nanoparticles in LIP have larger dimensions (a 
bimodal distribution, with primary particles of 300-500 nm and larger aggregates 
 
14ºC 22ºC 30ºC 
tf kG G tf kG G tf kG G 
CE 5 0.23 ± 0.01 3.03 ± 0.28 4 0.53 ± 0.04 6.97 ± 0.88 3 0.67 ± 0.03 8.82 ± 0.84 
LE 5 0.25 ± 0.01 3.47 ± 0.31 3 0.43 ± 0.02 5.97 ± 0.58 3 0.50 ± 0.03 6.94 ± 0.76 
CIP 5 0.19 ± 0.01 2.50 ± 0.26 4 0.32 ± 0.02 4.21 ± 0.47 2.5 0.71 ± 0.03 9.34 ± 0.86 
LIP 9 0.12 ± 0.01 3.00 ± 0.40 8 0.14 ± 0.01 3.50 ± 0.43 6 0.32 ± 0.01 8.00 ± 0.65 
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of about 1 µm) and lower surface area than the other systems; this results in a 
lower amount of boundaries available for the nucleation of CaCO3, hence in a 
reduced reactivity during the carbonation process. At each temperature, CE, LE 
and CIP systems exhibit roughly the same tf values, and the values of kG of these 
systems are more similar to each other than to that of LIP. This highlights that 
the kinetic behavior is influenced by the preparation method of the particles’ 
dispersions, as it determines the particles’ size and surface area, which are 
comparable for the systems CE, LE and CIP (see Table 4.1 in Chapter 4). 
Chapter 8 
124 
 
 
Figure 8.3 - Fitting of the carbonation curves of LIP at (A) 14°C, (B) 22°C, (C) 
30°C, using the limiting case BNGM 
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Figure 8.4 - Fitting of the carbonation curves at 22°C for (A) CE, (B) LE, (C) 
CIP, (D) LIP, using the limiting case BNGM 
 
The linear growth rate (G) has comparable values for the four systems at 14˚C 
(G ~3 nm∙h-1) and 30˚C (G ~8 nm∙h-1), while at 22˚C the systems in ethanol have 
a G value that is 1.5-2 times higher than those in 2-propanol (G ~6-7 nm∙h-1 for 
CE, LE; G ~4 nm∙h-1 for CIP, LIP). The differences in G, observable at the 
intermediate temperature (22˚C), could be due to the role of the solvent in the 
formation of aggregates in the Ca(OH)2 films. In fact, after the deposition of the 
nanoparticles’ dispersions on the KBr pellets, alcohol evaporation leads to the 
formation of layers of stacked and aggregated particles. 2-propanol has a lower 
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dielectric constant than ethanol, which results in lower Debye lengths and 
reduced screening between the particles in dispersion. This trend might translate 
into differential aggregation of the particles during alcohol evaporation and in the 
dry films, with more pronounced aggregation (and lower G values) in the case of 
particles in 2-propanol. We thus hypothesized that the aggregation state of the 
particles have a different influence on the surface area of the dry Ca(OH)2 films 
(which is similar for CE, LE, and CIP), and on kG (which varies among the 
systems), i.e. the two factors that determine G. On the contrary, at 14˚C and 30˚C, 
the transformation of calcium hydroxide is respectively too slow or too fast in all 
systems to observe a significant difference in the linear growth rate of the 
transformation products; in other terms, in these conditions the influence of T on 
G is more significant than that of the solvent.  
The activation energy of the Ca(OH)2 transformation was calculated from 
Arrhenius plots (ln kG versus 1/T) for the four systems (see Figure 8.5). Good R
2 
values (0.86-0.98, see Table 8.3) were obtained from the linear fitting of the 
experimental data, indicating that the plots are linear across the considered 
temperature range. The slope of the linear fittings gives constant activation 
energies (Ea), which are reported in Table 8.3. Namely, it was found that the 
system LE exhibits the lowest dependence from temperature (Ea = 31.4 kJ∙mol-
1), the system LIP has Ea = 43.9 kJ∙mol-1, and the two CaLoSiL® products 
showed different activation energies (Ea = 50.4 kJ∙mol-1 for CE, and 59.6 kJ∙mol-
1 for CIP), possibly due to the different solvents used. To the best of our 
knowledge, this is the first time that activation energy values are provided for the 
carbonation of Ca(OH)2 nanoparticles around room temperature and 
environmental CO2 concentration. 
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Figure 8.5 - Arrhenius plot (lnkG versus 1/T) of the four systems: (A) CE 
system, (B) LE system, (C) CIP system, (D) LIP system 
 
 
 
 
 
 
 
 
Table 8.3 - The activation energy (Ea) and the R
2 of the Arrhenius plots of the 
CE, LE, CIP, and LIP systems  
SYSTEM 
NAME 
Ea 
(kJ∙mol-1) 
R2 of 
Arrhenius Plot 
CE 50.4 0.90 
LE 31.4 0.91 
CIP 59.6 0.98 
LIP 43.9 0.86 
Chapter 8 
128 
Elsewhere, activation energy values of 6-12 kJ∙mol-1 have been reported for the 
dry solid-gas carbonation of micrometric aggregates of Ca(OH)2 nano-platelets 
or micron-sized particles at high temperature (> 250˚C) under non-isothermal 
conditions (Nikulshina et al. 2007; Montes-Hernandez et al. 2012), while values 
ranging from 20 to 200 kJ∙mol-1 have been reported for the isothermal 
carbonation of CaO above 400˚C (Bhatia and Perlmutter 1983; Gupta and Fan 
2002; Sun et al. 2008; Grasa et al. 2014; Ramezani et al. 2017). The fact that we 
found comparable activation energies for the room temperature (14-30˚C) 
carbonation of the Ca(OH)2 nanoparticles’ films, is explained considering that in 
our case the process takes place at high RH (75%), rather than in dry conditions. 
Vance et al. had previously reported an activation energy of 7.5 kJ∙mol-1 for the 
carbonation of portlandite particles around room temperature, using liquid and 
supercritical CO2 (Vance et al. 2015). 
 
8.1.3. Calcium carbonate polymorphs 
 
An important aspect of the carbonation process concerns the evolution of the 
calcium carbonate polymorphs. In this regard, FTIR spectroscopy was employed 
for monitoring both amorphous and crystalline phases over time. Namely, the 
time-evolution of the following absorption bands was monitored: calcite in-plane 
bending (ν4) at 713 cm-1, vaterite in-plane bending (ν4) at 745 cm-1, and aragonite 
out-of-plane bending (ν2) at 854 cm-1 (Andersen and Brečević 1991; Vagenas 
2003). Besides, the presence of the broad band of ACC centered at 865 cm-1 (out-
of-plane bending, ν2) was monitored, as well as its evolution and shift into a 
narrower band centered at 876 cm-1 (vaterite and calcite out-of-plane bending, ν2) 
(Andersen and Brečević 1991). 
According to the literature, the carbonation of Ca(OH)2 nanoparticles in humid 
air at room temperature involves the initial formation of ACC and its 
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transformation into metastable vaterite (and minor aragonite amounts), via a 
dissolution–precipitation process, followed by crystal growth (Beruto and Botter 
2000; Montes-Hernandez et al. 2010; Gomez-Villalba et al. 2011, 2012; López-
Arce et al. 2011; Rodriguez-Navarro et al. 2013, 2016b; Baglioni et al. 2014; 
Nielsen et al. 2014). As reported by Rodriguez-Navarro et al., building units of 
vaterite presumably form via heterogeneous nucleation onto ACC, and then 
aggregate by mesoscale assembly into nearly iso-oriented structures resembling 
mesocrystals. Aragonite spindle-like structures likely form after heterogeneous 
nucleation onto ACC; then aragonite dissolves and transforms either into calcite 
or into large prisms (by Ostwald ripening), and its presence is overall scarce. The 
stable phase, calcite, can directly nucleate and grow after dissolution of 
ACC/vaterite/aragonite, or nucleate on vaterite/aragonite and grow via non-
classical particle-mediated aggregation or a classical ion-mediated mechanism 
(Rodriguez-Navarro et al. 2016b). 
While ethanol seems to have no significant effect on ACC formation (Rodriguez-
Navarro et al. 2016b), the presence of organic molecules (e.g. alcohols, 
alkoxides) on the surface of the Ca(OH)2 particles (or grains) is known to favor 
the formation and kinetic stabilization of vaterite, delaying its transformation into 
calcite (Manoli and Dalas 2000; Seo et al. 2005; Zhang et al. 2008; Sand et al. 
2012; Rodriguez-Navarro et al. 2016c). In few cases, the spectra of the CE, LE, 
CIP, and LIP systems recorded within the first hour of the carbonation process, 
exhibited weak bands at 2960-2830 cm-1 (CH stretching), 1075 and 1050 cm-1 
(C-O stretching), ascribable both to residual alcohol (from the drying step) or to 
alkoxide (Liu et al. 2008). The latter can be due to untransformed reaction 
products in the case of nanoparticles obtained by solvothermal reaction, or can 
be formed by reaction of Ca(OH)2 with short-chain alcohols during storage of the 
dispersions (Rodriguez-Navarro et al. 2016c). In any case, alkoxide is readily 
transformed into calcium hydroxide by hydrolysis in humid air. 
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The aforementioned polymorph evolution (ACC → vaterite → calcite) was 
observed for all the four systems at the three temperatures, in agreement with the 
trend reported in the literature (Ogino et al. 1987; Beruto and Botter 2000; 
Nielsen et al. 2014; De Yoreo et al. 2015; Rodriguez-Navarro et al. 2016b). 
Figure 8.6 shows a representative example (system CE at 14˚C) where the broad 
band centered at 865 cm-1 (ACC out-of-plane bending, ν2) becomes narrower and 
shifts over time to 876 cm-1 (vaterite and calcite out-of-plane bending, ν2). 
 
 
 
Figure 8.6 - Time-evolution of the carbonate out-of-plane bending absorption 
peak (ν2) for the CE system at 14°C: the broad band centered at 865 cm-1 (ACC 
out-of-plane bending, ν2) becomes narrower and shifts to 876 cm-1 (vaterite and 
calcite out-of-plane bending, ν2) 
 
When temperature increases from 14 to 30˚C, the presence of ACC is observable 
up to progressively shorter times, i.e. until 2h from the beginning of the Ca(OH)2 
transformation at 14°C, and 0.5-2h at 22°C. At 30°C, ACC is detected in the 
system LIP in the first 20 minutes, while it is not detected in CE, LE and CIP, as 
it evolves into crystalline phases.  
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Both the vaterite band at 745 cm-1 and the calcite band at 713 cm-1 appear only 
after ACC disappearance, and both phases are detected at earlier times with 
increasing temperature. Calcite appeared after vaterite only in three cases (LE 
system at 14˚C and 22˚C, LIP system at 14˚C). Consistently with the literature 
(Chen et al. 2006; Nielsen et al. 2014; Rodriguez-Navarro et al. 2016b; 
Rodriguez-Navarro and Ruiz-Agudo 2018) traces of aragonite were detected in 
the four systems, always coexisting with vaterite.  
At later stages, calcite prevails on vaterite, and disappearance of vaterite occurs 
at earlier times with increasing temperature. Calcite is the sole or dominant 
polymorph in CE, LE and CIP after 14h at 14˚C, 7h at 22˚C, and 4h at 30˚C. 
Figure 8.7 qualitatively shows the trends of the CE system at the three 
temperatures. For the LIP system, at 14˚C vaterite is present together with calcite 
after 14h. Calcite becomes the dominant phase after 14h at 22˚C, and after 7h at 
30˚C. It is worth noting that the slower time evolution of CaCO3 polymorphs in 
LIP is consistent with the slower Ca(OH)2 transformation kinetics of this system 
as opposed to CE, LE, and CIP. 
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Figura 8.7 - FTIR spectra, showing the 780-680 cm-1 region, of the CE system 
at 14°C (A), 22°C (B) and 30°C (C), at different times through the carbonation 
process. The evolution of the in-plane bending absorption (ν4) of calcite (“C”, 
713 cm-1) and vaterite (“V”, 745 cm-1) is highlighted 
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In order to evaluate semi-quantitatively the aforementioned trends for the 
formation of the crystalline polymorphs, we measured the absorbance of the 
vaterite peak at 745 cm-1 (𝐴𝑏𝑠745), and of the calcite peak at 713 cm-1 (𝐴𝑏𝑠713). 
The concentration of each polymorph (𝑐𝑉𝐴𝑇 and 𝑐𝐶𝐴𝐿𝐶) was then calculated using 
the following formula (Vagenas 2003): 
 
𝑐𝑉𝐴𝑇 = (𝐴𝑏𝑠
745 𝛼𝑉𝐴𝑇
745⁄ ) 
𝑐𝐶𝐴𝐿𝐶 = (𝐴𝑏𝑠
713 𝛼𝐶𝐴𝐿𝐶
713⁄ ) 
 
where 𝛼𝑉𝐴𝑇
745  and 𝛼𝐶𝐴𝐿𝐶
713  are respectively the values of the absorption coefficients 
of vaterite and calcite, which were calculated by Vagenas et al. (𝛼𝑉𝐴𝑇
745  = 21.8 
mm2mg-1; 𝛼𝐶𝐴𝐿𝐶
713  = 63.4 mm2mg-1) (Vagenas 2003). The concentrations were then 
weighted by the initial amount of available calcium hydroxide for each 
considered sample (i.e. KBr pellet). The weighted concentration was labeled C*. 
Figure 8.8 shows the evolution of the vaterite and calcite C* values for the CE 
system at all the considered temperatures. Such trends are representative of all 
the systems, even though the LIP system has a slower time evolution of the two 
phases, as mentioned above. The quantitative evaluation confirmed that in most 
cases calcite coexists with vaterite starting from the first stages of the formation 
of crystalline phases. It has been shown that the formation of calcite takes place 
in solution through either direct (nucleation from solution) or indirect pathways 
(nucleation on vaterite and aragonite) (Rodriguez-Navarro et al. 2016b). 
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Figure 8.8 - Time-evolution of the vaterite and calcite weighted concentrations 
for the CE systems 14°C (A), 22°C (B), and 30°C (C). The solid lines were 
added as guides to better visualize the trend of the experimental data 
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Conclusions and future perspectives  
 
 
The present dissertation focused on the consolidation of stone materials, as the 
wide variety of the architectural and artistic patrimony makes its preservation a 
challenging issue for restorers and conservator scientists.  
 
Adobe earth bricks are one of the most ancient building materials, and are still 
largely in use worldwide, but often exhibit lack of cohesion and loss of superficial 
grains. The present research reports the first evidence of the use of hybrid nano-
composite materials for the consolidation of adobe. The materials selected for 
preparation of the ternary system (SiO2_HPC_lime) have full physico-chemical 
compatibility with those of adobe, and each component was shown to play a role 
in the consolidation process, or in the stability of the formulation.  
The physico-chemical characterization of the composite (by dynamic light 
scattering, electron microscopy, X-ray diffraction, and infrared spectroscopy) 
allowed to picture the interaction of the components. Namely, the interaction of 
highly reactive silica nanoparticles and calcium hydroxide nanoparticles led to 
the formation of calcium silicate hydrate (CSH), mimicking the chemistry of 
cement. Moreover, the use of nano-sized particles allowed the possibility to 
prepare stable and concentrated dispersions in water-solvent blends (without 
using surfactants as stabilizers). The choice of an ethanol-water blend with ratio 
4:1 allowed to obtain stable dispersion of the components in the desired amounts 
(ethanol prevents bridging and aggregation of the hydroxide platelets), and 
represents a balance between the need of avoiding aqueous media on water-
sensitive substrates and the necessity of some water content to trigger the alkaline 
activation of nanosilica and form CSH.  
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The nanoparticles were combined with a traditional consolidant and adhesive in 
conservation practice, Klucel-G, as cellulose derivatives are known to act as 
water regulators, binding water and then distributing it homogenously over the 
solid phase, and overall enhancing the formation of CSH. The introduction of 
HPC in the formulation was also essential in that it limited the aggregation of the 
nanoparticles, and prevented the sedimentation of the aggregates by increasing 
the viscosity of the dispersion, without affecting its applicability.   
After the formulation preparation and characterization, it was applied on real 
adobe samples, exhibiting high porosity and surface powdering mainly caused by 
wind and water erosion, to assess the effective consolidating power.  
First, the desired formation of CSH within the pores of the treated adobe samples 
was evidenced by XRD measurements. Improvement of the mechanical 
properties of treated adobe was shown through representative tests of exposure 
to environmental erosion (i.e. resistance to peeling, abrasion, and wet-dry cycles).  
The obtained consolidation was ascribed to the combination of silica and lime 
nanoparticles in presence of water (forming CSH), and partially to the presence 
of the HPC component, as the ternary system was shown to grant better 
consolidation than the binary systems or single components.  
A homogeneous penetration of composite particles up to few millimeters from 
the surface was assessed by XRD and the phenolphtalein test, granting protection 
of the outer layers, mostly degraded by erosion. Moreover, the treatment did not 
induce discoloration of adobe, and left the water permeability unaltered, both of 
which are essential requirements in stone consolidation, as opposed to 
conventional polymeric adhesives that are known to alter stone porosity and 
induce discoloration and flaking. 
Overall, the ternary formulation was deemed as promising for the consolidation 
of earthen masonry, opening new perspectives in the use of nano-composites for 
immovable works of art. As future perspectives, applicatve protocols for real case 
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studies schould be developed, as immersion of adobe building units is unfeasable 
(e.g. application by brushing or spraying), and sufficient water content should be 
maintained after the treatment so to grant CSH formation even in  dry and hot 
environments (e.g. humid cellulose pulp application onto the treated surface). 
 
The tools necessary to perform good conservation interventions include the 
knowledge of the substrate to be treated, but also of the product to be applied for 
the purpose. 
In this view, a compared physico-chemical study on the carbonation kinetics of 
four Ca(OH)2 nanoparticles alcohol dispersions was performed, emerging 
materials for the consolidation of stone, thanks to their effectiveness, stability 
and compatibility. Despite their diffused adoption, the necessity to detail their 
carbonation process is a challenging issue. 
In the present contribution, a rigorous approach was followed, by means of FTIR 
and accelerated carbonation under controlled T and RH conditions, assessing the 
applicability of the generalized Boundary Nucleation and Growth Model 
(BNGM) to the carbonation kinetics, and then evaluating limiting cases of the 
model. The four selected commercial nanolimes are represent standard products 
in term of particles preparation and dimensions, and alcohol used. 
The carbonation of films of nanoparticles was studied at different temperatures, 
representative of applicative conditions, such as the use of the particles for the 
consolidation of movable and immovable cultural heritage. 
The choice of the BNGM over Avrami-type or deceleratory models previously 
reported in the literature was due to the necessity of taking into account the effect 
of the surface area of the particles on the transformation of Ca(OH)2 into 
amorphous and crystalline CaCO3 in humid air. The process is assumed to take 
place on the surface boundaries of the particles, in the presence of a solution 
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(water film), where Ca(OH)2 and atmospheric CO2 can dissolve. The carbonation 
products then grow to fill the porosities in the nanoparticles’ layers. 
It was found that fitting the time evolution of the Ca(OH)2 carbonation degree 
(obtained by FTIR) to the generalized model was possible only using narrow 
constraints on the value of the kB (the rate at which the nucleated boundary area 
transforms). For all the systems, at all the considered temperatures (14˚C, 22˚C, 
30˚C), the value of kB is larger than that of kG (the rate at which the porosities are 
filled with carbonation products). Moreover, the ratio between the nucleation 
rate, IB, and the linear growth rate, G, are in all cases very large. Such conditions 
indicate that the boundary regions, densely populated with nuclei, transform early 
in the process with subsequent thickening of slab-like regions centered on the 
original boundaries. A BNGM limiting case equation was thus used to fit the 
process kinetics, where the transformation rate decreases exponentially with 
time.  
The obtained kG and the calculated G values and activation energies were then 
compared. It was found that particles with lower surface area exhibit a slower 
carbonation kinetics at all temperatures, which is to be considered in real cases 
applications. Contrarily to general expectations, size reduction is not the only 
valid criterion for consolidation treatments. Indeed, best consolidating effects are 
obtained when the particles size distribution matches that of the substrate’s pores, 
which has to be evaluated in real cases study. It was also found that differences 
in linear growth rate and dependence from temperature can be ascribed to the 
dispersing alcohol used.  
The time-evolution of CaCO3 polymorphs described in the literature (ACC → 
vaterite/aragonite → calcite), and the role of alcohol in the stabilization of 
metastable carbonate phases (vaterite and minor aragonite) was confirmed. The 
polymorphs evolve with a rate depending on temperature, and, again, the process 
is slower in system with BET surface area of 20 m2/g and particle size of 300-
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500 nm, than in the three systems with BET surface area of 36-38 m2/g, and 
particle size of 100-200 nm. Calcite coexists with vaterite starting from the initial 
formation of both phases, indicating that the former (stable polymorph) can form 
through either direct (nucleation after dissolution of ACC/vaterite/aragonite) or 
indirect pathways (nucleation on vaterite and aragonite). At later stages, calcite 
is the sole or dominant polymorph in most of the considered cases, but at low 
temperatures vaterite is still present in the system with the slowestf kinetic. This 
fact can also play a role in real cases applications, as the formation of vaterite can 
affects the bond formation with calcite-based substrates and the treatment 
performances. Nevertheless, on the long term, it converts to calcite, and some 
effectiveness in consolidating stone by vaterite was observed. 
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